PPM level gaseous ammonia detection using laser Induced fluorescence on vapochromic coordination polymers by Yin, Dawei
 
PPM Level Gaseous Ammonia Detection Using Laser 




B.A.Sc., Simon Fraser University, 2015 
 
Thesis Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Applied Science 
in the 
School of Engineering Science 
Faculty of Applied Sciences 
 
© Dawei Yin 2020 
SIMON FRASER UNIVERSITY 
Fall 2020 
 
Copyright in this work rests with the author. Please ensure that any reproduction  
or re-use is done in accordance with the relevant national copyright legislation. 
ii 
Declaration of Committee 
Name: Dawei Yin  
Degree: Master of Applied Science 
Thesis title: PPM Level Gaseous Ammonia Detection Using 
Laser Induced Fluorescence on Vapochromic 
Coordination Polymers 
Committee: Chair: Marinko Sarunic 
Professor, Engineering Science 
 Glenn H. Chapman 
Supervisor 
Professor, Engineering Science 
 Bonnie L. Gray 
Committee Member 
Professor, Engineering Science 
 Daniel B. Leznoff 
Committee Member 
Professor, Chemistry 
 Michael Adachi 
Examiner 
Assistant Professor, Engineering Science 
iii 
Abstract 
The detection of ammonia in parts per millions range has been challenging in sensors 
research and is of great importance for industrial applications. This thesis document efforts 
to develop and test a low-cost optical detection system for ppm level ammonia 
measurements utilizing a Vapochromic Coordination Polymer (VCP) Zn[Au(CN)2]2 as the 
sensing material. Upon high concentration ammonia exposure, the polymer’s fluorescent 
peak under near-UV stimulation undergoes a spectral shift from 470nm to 530nm, while 
the intensity increases by 3~4X. At ammonia concentrations < 1000ppm, the spectral shift 
becomes hidden within the overall changing fluorescent spectrum shape so simple 
detection methods do not work. The key point in this analysis is to note the way the 
spectrum changes in each wavelength bins varies in different ammonia concentration 
exposures. 
We then developed two customized spectral processing techniques named Spectral 
Region Subtraction (SRS) method and Sum of Integrated Emissions (SIE) method to 
characterize hidden changes in spectral shape for concentrations < 1000ppm. Both 
methods give excellent sensitivity between 0 – 50 ppm and > 300 ppm. For wide-range 
concentration detection, a combination of two metrics have to be used together. 
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Electrical transformers are the core components in the electricity industry and 
served of great importance in transmitting and distributing electrical power. Throughout 
the multi-decade life cycle of a transformer, it undergoes interior degradation which may 
impact its efficiency, reliability, and most importantly, safety. If not maintained with care, 
the likelihood of malfunctioning will go up significantly and the cost of replacing a new 
transformer would take millions of dollars. In the worst-case scenario, a transformer 
breakdown could lead to massive blackouts in urban areas and cause collateral damages to 
industrial and residential appliances. Therefore, the monitoring and maintenance of 
electrical transformers are top operational priorities for the electrical utility providers. 
Empirically, the degradation of transform insulation paper is a common cause of 
failure and is intrinsically tied to the life of a transformer. The breakdown of the insulation 
paper generates an identifying chemical by-product, ammonia gas [1]. As the insulation 
paper ages, the ammonia gas slowly diffuses into the transformer oil and builds up in the 
gaseous space that sits above the oil in an operating transformer. Over time, the ammonia 
accumulates in the lower parts per million range concentration and is recognized as an 
indicative breakdown compound of operating transformers.  
The detection of ammonia concentration inside transformers then becomes an 
essential requirement for transformer monitoring systems. In the literature, thousands of 
ammonia gas sensors exist but very few of them could function at the transformer operating 
temperature of 50 – 100 °C [2]. These sensors are also limited by reaction time, price, size, 
and compatibility factors [3]. Therefore, developing a highly sensitive, cost-effective 
ammonia sensor system that can withstand the harsh environment inside the transformer is 
being brought to the forefront of research. 
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In a multidisciplinary research project between SFU School of Engineering 
Science, Department of Chemistry, and Powertech Lab Inc., a real-time, in-line monitoring 
sensor system for transformer diagnostics is been developed [4]. The system is envisioned 
to monitor the health condition of a transformer during operation by detecting the released 
ammonia gas and other compounds indicative of a potential breakdown. The academic 
research has been divided into three topics: 
Prof. Daniel Leznoff’s group in chemistry has synthesized a Vapochromic 
Coordination Polymer (VCP) intended to act as an ammonia sensing material. In the 
presence of concentrated ammonia, the polymer fluorescence peak under near ultra-violet 
stimulation undergoes a spectral shift from ~470 nm to ~530 nm, which is utilized as an 
identifying and measuring indicator for ammonia detection.  
Prof. Bonnie Gray’s group has explored multiple ways of immobilizing the VCP 
on tangible substrates while maintaining its sensitivity to ammonia. This research serves 
the purpose of finding a feasible solution for fabricating application ready VCP 
attachments. The VCP exists in the form of powders and must be immobilized on a 
substrate to work in sensory applications.  
The work involved in this M.A.Sc. thesis under the supervision of Prof. Glenn 
Chapman is a continuation of the ammonia sensor project, and is aimed to develop a 
functional proof-of-concept model for an integrated sensor system that detects and 
measures the ammonia concentration in the lower ppm ranges found inside transformer oil 
and headspace. An optical sensing system consists of a laser excitation source and a 
portable spectrometer combined with data processing techniques is developed and tested 
to evaluate its ammonia detection performance in the range of 1 – 1000 ppm. 
1.2. Power Transformer Overview 
Power generation, transmission, and distribution are the three main sectors in the 
modern electric grid, in which the power transformer plays a most critical role [5]. Power 
transformers allow long-distance and high-efficiency electricity transmission by boosting 
up the voltage on the generation side. The energy loss in the transmission process is greatly 
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reduced because lower current induces less heat consumption. In the distribution side, 
transformers enable this high voltage to step down for industrial, commercial, and 
residential uses. Power transformers are also needed in power transmission applications to 
step the voltage either up or down. Figure 1 illustrates a simplified arrangement of an 
electric grid system. 
 
Figure 1.1 Illustration of an electric grid system 
 
An ideal transformer consists of two electrical circuits winded on the two opposite 
sides of a hollow ferromagnetic core, as illustrated in Figure 1.2. One circuit is designated 
as the primary circuit and the other as secondary. When an alternating voltage is applied to 
the primary circuit, a varying current in the primary winding creates a varying magnetic 
flux in the core and a varying magnetic field impinging on the secondary winding. This 
varying magnetic field at the secondary winding induces a varying voltage in the secondary 
circuit due to electromagnetic induction. The ratio between the output voltage and the input 




Figure 1.2 Ideal transformer 
 
Although the basic principals in how a transformer operates have not changed much 
over the past century, the engineering design of the power transformer has been evolved 
extensively to meet the strict requirements in the modern electric grid. Depending on the 
application and the power load, the size of a modern transformer could be as huge as a 
house and weights more than 400 tons. Besides its gigantic appearance, the interior 
structure of a transformer is also complexly designed. A sample design is shown in Figure 
1.3. It is noted that the core and windings are wrapped with multiple layers of insulation 
tapes, preventing the parts from electric arcing and discharges. These core components are 
enclosed in a rectangular, mechanical frame called the “tank”. An oil, usually mineral oil, 
is filled inside the tank for two primary reasons: to provide additional insulation ability and 























Figure 1.3 Appearance and major parts of a modern transformer [7] 
 
The size of a power transformer is determined by the primary (input) voltage, the 
secondary (output) voltage, and the load capacity measured by megavolt-amperes (MVA). 
Of the three, the capacity rating, or the amount of power that can be transferred, is often 
the key parameter [7]. In addition to the capacity rating, voltage ratings are often used to 
describe different classes of power transformers and are summarized in Table 1.1.  
Table 1.1 Transformer voltage class 
Class Voltage rating (kV) 
Medium 34.5, 46, 69, 115/138 
High 115/138, 161, 230 
Extra high 345, 500, 765 
 
Power transformer costs and pricing depends on the manufacturer, market 
condition, and location of the manufacturing facility. In 2010, the approximate cost of a 
large power transformer (LPT) with an MVA rating between 75 MVA and 500 MVA was 
estimated to range from $1 million to $7.5 million in North America [8]. Transportation, 
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installation, and other associated expenses generally add 25 to 30 percent of the total cost. 
The estimated costs of large power transformers are summarized in Table 1.2 [9]. 








230-115 300 MVA 
170 ton 
6.4m x 8.2m x 7.6m 
$2,000,000 
345-138 500 MVA 
335 ton 
13.7m x 7.6m x 9.1m 
$4,000,000 
765-138 750 MVA 
410 ton 
17m x 12.2m x 13.7m 
$7,500,000 
Generator Step-up transformer 
115-13.8 75 MVA 
110 ton 
4.9m x 7.6m x 6.1m 
$1,000,000 
345-13.8 300 MVA 
185 ton 
6.4m x 12.2m x 8.2m 
$2,500,000 
 
Unlike smaller devices and systems, power transformers are large, custom-made 
equipment tailored to customers’ specifications, they are usually neither interchangeable 
with each other nor mass-produced for extensive spare inventories. According to an 
industry source, approximately 1.3 transformers are produced for each transformer design 
[10]. Procurement, manufacturing, and installation of transformers are a complex process 
that could stretch the lead time to beyond 20 months. Failure of a single unit could result 
in temporary service interruption and considerable revenue loss. Therefore, the prevention 
of failure and long-term maintenance of these transformers, are of critical concerns to 
industry and government. The following subsection provides further discussions on the 
maintenance and diagnostics of transformers. 
1.3. Power Transformer Monitoring and Diagnostics 
Given the fact that the installation of transformers not only entails significant 
capital expenditures but also requires long lead time, as a result, asset owners and operators 
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invest considerable resources to monitor and maintain transformers. Failure to maintenance 
could present potential concerns and lead to collateral damages such as explosions and fire 
hazards shown in Figure 1.4. When a transformer does fail, not just the cost of repair 
expands significantly but also has the cost of downtime that can take up to several months 
due to rebuilding a new one. A growing need for accurate diagnostic instruments has 









Figure 1.4 Power transformer explosion 
 
Statically, failure conditions become increasingly likely with the length of service. 
Failure mechanisms include overheating of core structural joints, overloading in the 
winding insulation, arching and faults in the liquid insulation, discharge, and other 
electrical or mechanical failures [11]. In addition to normal aging impacts, transformer 
degradation can be caused by a design flaw, poor installation process, and excessive 
operation of the apparatus. Throughout a transformer’s lifecycle, tests must be carried out 
to evaluate the condition of the insulating oil.  
The most common transformer oil is mineral oil, a light mixture of higher alkanes 
from a mineral source. Due to oxidation, contamination, and excessive temperature [12], 
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the decomposition of these hydrocarbons occurring in thermal or electrical faults can lead 
to the breaking of carbon-carbon and carbon-hydrogen bonds [13]. The resulting hydrogen 
and hydrocarbon fragments react with each other to produce gas molecules that tend to stay 
dissolved but will also be present in the headspace above the insulating oil inside the 
transformer. The two main reasons for gas generation inside a functional transformer are 
thermal and electrical disturbances, including overheating, partially discharging, and 
arcing. These events occur in an unpredictable pattern and can occur singly or 
simultaneously. The primary faults associated with each of the key gases are presented in 
Table 1.3. 
Table 1.3 Transformer fault type and associated characteristic gas [14] 
Fault Type Characteristic Gas 
Thermal fault 150°C – 700°C H2, CH4, C2H4, C2H6 
Thermal fault > 700°C H2, C2H2, C2H4 
Thermal decomposition of cellulose CO, CO2, NH3 
Partial discharge H2, CH4 
Arcing H2, C2H2 
 
When the transformer oil and insulation paper is undergoing heat or electrical stress 
due to the internal faults, various gases are produced through complex chemical reactions. 
The gas products change based on the temperature of the oil, therefore a correlation 
between the gas type and temperature can be established. At a hot spot with temperatures 
between 150°C to 300°C, a significant amount of hydrogen H2 and methane CH4 and a 
trace amount of ethylene C2H4 and ethane C2H6 are generated due to inadequate cooling in 
the winding, core or supporting structures of the transformer. When the temperature is 
raised above 300°C, the amount of H2 exceeds that of CH4, and large quantities of C2H4 
and C2H6 are produced. The thermal decomposition of cellulose insulation paper produces 
mostly carbon monoxide CO and carbon dioxide CO2. Besides, insulation paper consists 
of thermally upgraded agents such as Insuldur® developed by Westinghouse Electric Corp. 
and Cyanoethylate by GE contains dicyandiamide C2H4N4 and melamine C3H6N6 which 
demonstrated high resistivity against thermal decomposition [15]. Powertech has linked 
the decomposition of nitrogen bonds caused by transformer faults with the release of 
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ammonia NH3, effectively making it a key gas indicating the breakdown of insulation 
paper. 
One of the most informative methods for transformer diagnostics is monitoring the 
gases dissolved in the transformer oil, also known as dissolved gas analysis [17]. In the 
1980s, the main path to evaluate the health of a transformer was to sample its insulating oil 
periodically by transporting it to a lab for chromatography analysis [18]. The separation, 
identification, and quantification of these gases not only require the utilization of 
sophisticated laboratory equipment and technical skills but also take several days to 
complete. Emerging trends in the monitoring of transformer operational health are shifting 
towards an on-line integrated approach in the late 1990s, where on-site chemical sensors 
can measure the concentrations of characteristic gases in transformer oil remotely through 
internet access [19]. Continuous monitoring of temperatures and dissolved gases can be 
performed in real-time without disrupting the operation of the transformer.  
In practice, many companies in the field have developed one-stop transformer 
diagnostic systems. One of the best examples of existing technology is the Kelman 
MINITRANS system designed by GE [20], which is offered as an “on-line discrete multi-
gas DGA transformer monitoring unit”. The system is capable to monitor most 
characteristic gases including H2, CO, CH4, C2H2, C2H4, CO2, C2H6, O2, and N2. However, 
systems like this cost upwards of $30,000 and do not target all transformer breakdown 
compounds like ammonia gas.  
1.4. Thesis Scope 
As seen from the transformer monitoring and diagnostics requirements, the desired 
detection concentration of gases in a transformer range from a low limit of 1 – 10 ppm to 
upwards of several thousand ppm. The equipment should withstand the operating 
temperature of 50 - 100°C found inside transformers, and the system should be able to 
monitor the ammonia concentration status continuously for the duration of its operational 
timeframe.  
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Dozens of transformer diagnostic systems have been developed in the field and 
have been massively deployed in electrical substations. These systems are designed to 
monitor characteristic gases listed in Section 1.3, as well as other variables including 
temperatures and currents at various locations inside the transformer. However, these 
commercial sensor systems often neglect ammonia as a monitoring parameter. Stand-alone 
ammonia sensors do not have sufficient sensitivity in the parts per million ranges, are not 
reversible, or are not compatible with immersion inside the high-temperature insulation oil. 
The requirement of the sensing system for the scope of this thesis is confined to the 
development of a mechanism capable of detecting and measuring the presence of ammonia 
in the air at parts per million concentrations. The system must be able to work continuously 
and present detected ammonia concentration read-out in digital data for further 
computational analysis. The system design must be able to become a part of a larger 
monitoring system that addresses other transformer diagnostics needs and industry 
practices.  
The Zn[Au(CN)2]2 VCP addresses all the prior issues and serves as an excellent 
base for an optical sensor that is incorporated into a proof-of-concept design. It is sensitive 
to ammonia, stable in the range of operating temperatures, and readily immersable in 
transformer insulation oil. The design of a proof-of-concept detector incorporating this 
polymer is a novel and potentially redefining development in the research of transformer 
diagnostics. This thesis will address the need for a stable, compact, and cost-effective 
ammonia sensor to improve safety, data collection, and asset management in the power 
industry. 
1.5. General Solution and Approach 
The goals of the project can be breakdown into three main components and are 
addressed in the rest of the thesis. First, the design of the proof-of-concept system serves 
as the initial step of the work. In previous studies, a conceptual sensor system that exploits 
a commercially available portable spectrometer as the detector has been designed and 
tested. While the system has demonstrated a successful detection upon highly concentrated 
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ammonia exposure, one main issue is that the optical signal received by the spectrometer 
was inadequate due to low emission intensity. Fortunately, this challenge could be resolved 
by upgrading the optical components in the setup. For example, the LED excitation source 
can be swapped by a laser to enhance the excitation energy and thus increasing the emission 
intensity. Adding a converging lens along the optical path would also help to focus the 
emission light onto the spectrometer inlet which will result in a stronger signal readout.  
Moving the system onto a customized platform would be beneficial to better 
facilitate the placement of various optical components and the path of light emission. 
Originally, the sensor system is mounted and calibrated on an optical breadboard. 
However, the breadboard itself is oversized for sensor integration and is expensive as a part 
of the overall cost. To address this issue, a customized platform can be designed through a 
CAD tool like Solidworks, serving as a cost-effective alternative for components housing. 
Since the platform design follows the breadboard setup with only minor modification, the 
components can be easily migrated over without compromising the precision and 
repeatability of the experiment. Such an optical platform would include all holders and 
posts for the VCP sample, laser diode, lenses, as well as the spectrometer. 
The next phase of thesis research involves investigation into the spectral 
characteristics of the VCP. Previously, the polymer functionality and deposition 
methodologies have been studied extensively but its optical characteristics are yet to be 
investigated. The characteristic emission spectrum of the polymer may be affected by many 
variables such as the surrounding gas and temperature, excitation source power, substrate 
material, etc. Testing the natural response of the system against these environmental 
parameters is needed to determine the optimal experiment settings. The response can be 
quantified by the optical parameters such as changes in peak wavelength and intensity, full 
width at half maximum, and the integrated emission of the characteristic spectrum.  
 
To further characterize the spectrum response to ammonia exposure, several 
analysis techniques are being investigated. Previously, simple algorithms such as peak 
intensity comparison and spectral subtraction have been implemented to turn noisy data 
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into useful knowledge. These techniques track changes in spectral parameters such as 
intensity, peak wavelength, and full width at half-maximum, and were successful at 
detecting the presence of concentrated ammonia. However, at concentrations less than 
1000 ppm, the characteristic spectral changes became hidden in the overall spectral shape 
as shown in Figure 1.5. Developing new spectral processing techniques that are sensitive 
to changes in the spectral shape are of great importance for detecting and identifying low 
concentration ammonia. Hence, the algorithm development for ammonia detection at sub-







Figure 1.5 Left: spectral change after highly concentrated ammonia exposure and   
Right: spectral change after 5ppm ammonia exposure 
 
Once detection at 1000ppm is achieved and perfected, collecting and characterizing 
the spectral changes in the range between 0 ppm – 1000 ppm can be attempted. Using the 
spectral responses at these concentrations, calibration of collected data against the known 
concentration values will enable subsequent data processing to map the measured 
spectrometer data to the system read-out. The calibration can be achieved by fitting the 
data points on a plot of spectral response metric vs. ammonia concentrations. Alternatively, 
a mathematical model can also be constructed to simulate and predict the spectral shape at 
a given ammonia concentration.  
When the lowest detection limit of ammonia gas has been established and the sensor 
is fully calibrated for all concentration ranges, the system should be tested inside a power 
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station consisting of an actual transformer model. The real-world testing of the sensor 
outside an experimentally controlled environment will evaluate whether the sensor can 
perform its intended function in the field. Ultimately, a modified version of the sensor 
system for detecting dissolved ammonia inside insulation oils is also desired. The 
development and calibration process of the modified sensor may follow the same path 
taken by the ordinary system. 
1.6. Thesis Roadmap 
This thesis consists of 7 chapters detailing the efforts and contributions toward the 
development of ammonia detection system for power transformer diagnostics. In Chapter 
2, a survey is conducted on the available ammonia sensing approaches and apparatus. The 
use of a VCP as an ammonia sensing material is also introduced. Chapter 3 and 4 will cover 
the design, implementation, and calibrations of the VCP adapted ammonia detection 
system. Chapter 5 provides the analysis and discussion of the resulting data obtained from 
the detection system. The spectral data are further processed through several analytical 
algorithms to study the system response versus ammonia concentration. Chapter 6 details 
the characterization, modelling, and evaluation of the proof-of-concept ammonia detection 
system. A verification experiment is conducted to examine the measurement accuracy of 
the system when sensing ammonia with unknown concentrations. Finally, Chapter 7 
concludes the thesis with a summary of the research results obtained as well as a brief of 





Chapter 2.  
 
Ammonia Sensing Principles and Applications 
This chapter details the efforts to research and investigate an ammonia sensing 
approach best suited for the available apparatus. It starts with a survey on available 
ammonia sensors. Their performances in detection sensitivity and other factors such as 
price, size, and response time are then compared. Finally, the use of a VCP as an ammonia 
sensing material is introduced for power transformer diagnostics. 
2.1. Introduction 
Ammonia (NH3), a colorless gas with a characteristic pungent smell, has been 
existed ever since the early formation of Earth [21]. It was brought to the Earth’s surface 
by the constant volcanic eruptions along with other volatile compounds such as nitrogen, 
water vapor, carbon dioxide, and methane. Ammonia also occurs naturally in animals’ 
body (including humans) when the digestive system breaks down food containing protein 
into amino acids and ammonia, then converting the ammonia into excrement [21]. 
While being a natural product, ammonia is also highly produced by industry. The 
worldwide emission of ammonia per year was estimated in 2014 by the US Geological 
Survey to be 140 million metric tons. While 88% of ammonia is used in the agricultural 
sector as a fertilizer, it is also widely found in cleaning products, refrigeration systems, 
chemical precursors, and many other applications [22]. The total ammonia production by 
year in Canada is displayed in Figure 2.1 [23].  
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Figure 2.1 Annual national ammonia emissions in kilotonnes, from 1990 to 2015 [23] 
 
Although common in nature and artificial use, concentrated ammonia is corrosive 
and hazardous. Exposure to high levels of ammonia in air causes immediate burning of the 
skin, eyes, throat, and nose and result in blindness, lung damage, or death [24]. Ammonia 
is also a major contributor to environmental pollution. Excess emissions of ammonia react 
with other pollutants in the atmosphere such as nitric acid to form ammonium nitrate [25]. 
The resultant compounds are in the form of airborne particles that have a sun-blocking 
function and are a major cause of smog in large cities and industrial areas. 
To prevent ammonia poisoning incidents and to control the atmosphere pollution 
caused by excess emissions of ammonia, methodologies of sensing and monitoring 
ammonia concentration have been widely investigated for different application areas. This 
chapter will briefly introduce the most frequently used techniques in commercial ammonia 
sensors like metal-oxide gas sensors, catalytic detectors, conducting polymer ammonia 
analyzers, and optical ammonia detection techniques. Such sensor systems are evaluated 
by detection limit, response time, operation temperature, size, and cost. The application 
areas of the sensors will also be discussed. 
Over the past decades, thousands of ammonia detectors have been developed but 
only rarely have a few systems that could provide satisfying performance for detecting 
ammonia at parts per million levels inside power transformers. The systems are either 
costly, have a slow response time, do not work under high temperature, or cannot be used 























challenges and will be discussed in Section 2.4. The polymer structure is designed to be 
sensitive to ammonia and is also capable to withstand the operating conditions inside a 
transformer. 
 
2.2. Application Areas of Ammonia Sensors 
Detecting and monitoring ammonia concentrations has always been an important 
issue when producing ammonia related products. Highly concentrated ammonia is easy to 
detect because the gas has a pungent smell. The human nose is very sensitive to ammonia 
compared to other odoriferous gases. However, the human nose fails to quantify or 
determine lower concentrations. On many occasions, the exact ammonia concentration 
must be known. This section focuses on four major areas that are of interest for measuring 
ammonia concentrations and describes why there is a need to know the actual 
concentrations in these fields. 
2.2.1. Chemical Industry 
Ammonia plays an important role in many of the large-scale chemical productions. 
One major application of human-made ammonia is fertilizers contain ammonium nitrate. 
When applied to farmlands, these fertilizers release nitrogen which is an essential nutrient 
that feeds growing crops. Another substantial usage of ammonia is refrigeration systems. 
Almost all commercial refrigeration systems in food processing facilities or ice rinks make 
use of ammonia because it can cool below 0°C [26]. There are also many other ammonia 
applications in manufacturing applications such as plastics, explosives, fabrics, pesticides, 
and dyes. 
Today, large scale ammonia is produced from nitrogen and hydrogen at about 
500°C and a pressure of about 200 atm using a porous metal catalyst [27]. This method is 
known as the Haber-Bosch process; an ammonia synthesis methodology invented by the 
German scientists Fritz Haber and Carl Bosch who have won the Nobel Prize in Chemistry 
in 1918. The Haber-Bosch process is illustrated in Figure 2.2. 
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Figure 2.2 The flow scheme of Haber process [27] 
 
The chemical industry, fertilizer factories, and refrigeration systems make use of 
almost pure ammonia, and a leak in the system can cause life-threatening situations. All 
facilities using highly concentrated ammonia should deploy alarm systems that can detect 
and warn for abnormal ammonia levels in the air. In 2017, a tragedy happened in Fernie 
BC where three ice rink workers were found killed because of ammonia leakage. Such 
accidents could be avoided if a proper detecting system was installed. The recommended 
maximum allowed workspace ammonia level is only 25 ppm [28]. The ideal detector in 
these applications should have a lower detection limit in the ppm range and is responsive 
within minutes. Temperature-wise, detectors should be able to withstand the high 
temperature up to 500°C in ammonia production plants. 
2.2.2. Environmental Monitoring 
As mentioned in the previous subsection, farmland is one place where high levels 
of ammonia are present. In addition to man-made fertilizers, manure is another popular 
ammonia-rich fertilizer made of animal feces. The ammonia concentration level inside 
agricultural buildings like stables and barns where manure is stored and distributed will be 
higher than the allowed exposure limit. This results in unhealthy situations for humans and 
livestock. Ammonia monitoring systems are required to control the concentration level 
through air conditioning. 
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Another environmental hazard caused by ammonia pollution is photochemical 
smog commonly seen in industrial areas and major cities around the world. Excess 
ammonia emissions from the industrial plants and vehicle fleet react with nitric acid to 
form ammonium nitrate [25, 29]. These salts act as condensation nuclei, forming 
nanometer-sized airborne particles that can scatter light and causing smog. Aerosol nitrate 
concentrations often dominate the fine particle concentrations within the smog [30]. 
In the natural atmosphere, the concentration of ammonia is very low and can be 
down to sub-ppb levels. The average ambient ammonia concentration is about 1.5 ppm 
[31]. Very accurate ammonia detectors with sensitivity in the ppb level are required for 
measuring such concentrations. In farming areas, ammonia concentrations are much higher 
and could reach sub-ppm levels. The detection limit is dependent on the actual application 
and concentration levels of interest. The required response time is also application 
dependent. It may take hours to measure ambient ammonia levels for environmental 
analysis but require a minute or less response time to be alert for excessive ammonia levels 
inside agricultural buildings. 
2.2.3. Automotive Industry 
Measuring ammonia concentrations in the automotive industry is interested in three 
reasons. First, exhaust gases are monitored because they form the major part of gaseous 
pollutions in urban cities. Ammonia exhaust is associated with secondary airborne particles 
like ammonium nitrate as discussed in the previous sub-section. On average, ammonia 
emissions in a gasoline vehicle have been measured up to 20mg/s or up to 8 ppm in exhaust 
gas [32]. 
The second application for ammonia sensors in the automotive industry is to 
monitor NOx reductions in diesel engines. Modern diesel engines operate at high air-to-
fuel ratios that result in an excess of oxygen in the exhaust gas, resulting in large 
concentrations of NO and NO2 [33]. The toxic NOx concentrations can be significantly 
reduced by injecting a portion of ammonia, namely the selective catalytic reduction (SCR) 
[34]. The balancing equation is displayed as follows: 
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4NO + 4NH3 + O2 ↔ 4N2 + 6H2O  
The amount of injected ammonia must be calibrated, or else if too much is added, 
the unreacted ammonia will be emitted to the atmosphere known as ammonia-slip. The 
injected amount can be optimized by measuring the excess ammonia concentration in the 
exhaust system. The type of sensors in this application requires sensitivity in the ppm range 
and a response time in order of minutes. Because measurements are performed in exhaust 
pipes, the sensor should be able to withstand elevated temperatures. 
Another reason for the automotive industry to be interested in ammonia detectors 
is for air quality control in the car cabin [35]. The air conditioning systems equipped on 
vehicles are used to control the temperature and the humidity of the cabin air. Fresh air can 
be taken from the outside of the car or it can be circulating conditioned air inside the car. 
When the surrounding air quality is low in areas such as smoke or a factory, the system 
should immediately switch over to circulation mode and prevent unpleasant smells from 
the outside. This type of sensor should have a detection limit of 50 ppm and has a response 
time in the orders of seconds. 
2.2.4. Medical Applications 
While being used for industrial purposes, ammonia is also produced by the human 
body [36]. In medical fields, measuring ammonia levels in exhaled breath and blood for 
disease diagnosis and treatments are of great interest [37]. The amount of produced 
ammonia is influenced by several body compartments including the liver, kidneys, muscle 
tissues, and colon. The biochemical pathways of ammoniagenesis are well studied, but the 
relative contributions of various organs to ammonia homeostasis are less well-defined [38]. 
Clinical research in ammonia physiology has been difficult because the ammonia 
metabolism is complex, and the concentration is challenging to measure in real-time. 
Over the past years, body-produced ammonia was exclusively measured through 
standard blood assays. There are multiple methods and testing platforms for measuring 
blood ammonia [39], and there have also been comparisons made between, for example, 
venous versus arterial blood ammonia, partial NH3 versus NH4+ within the blood. 
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However, these traditional measurement methods requiring phlebotomy are inconvenient 
for patients and take hours to generate results. 
In recent years, prototype ammonia breath analyzer has been developed to measure 
concentrations through exhaled air [40]. Unlike sampling blood ammonia, evaluating 
ammonia concentrations via breath is non-invasive, responsive, and do not require blood 
samples from patients. Although breath measurements must contend with challenges like 
variability in breath, contamination with bacterial ammonia, the influence of ambient air, 
it has a great potential to serve as a fast diagnostic method for urea cycle disorders and 
hepatic encephalopathy [41]. A suitable ammonia analyzer should be able to measure down 
to 50 ppb ammonia in exhaled air that contains a maximum CO2 concentration of 3% [37]. 
The analyzer response time should be most at a few minutes. 
2.2.5. Power Transformer Diagnosis 
As mentioned in Chapter 1, ammonia has been marked as one of the key gases that 
are linked to transformer failures. Improved insulation papers consist of thermally 
upgraded agents such as Insuldur by Westinghouse Electric Corp. contains dicyandiamide 
C2H4N4 and melamine C3H6N6 have demonstrated high resistivity against thermal 
decomposition. However, when insulation paper age, their thermally reinforcing agents 
breakdown and release nitrogen bonds. The resulting nitrogen and hydrogen fragments 
react with each other to produce ammonia molecules that tend to stay dissolved but will 
also be present in the headspace above the insulating oil inside the transformer. To measure 
and alert ammonia levels inside a transformer, the sensor must be able to operate at above 
50°C to withstand its operating temperatures. The sensor should also have a detection limit 
in sub-ppm levels and a response time within several hours. Currently, there is no such 
commercial ammonia analyzer that is targeted to monitor real-time concentration levels 
inside transformers. 
The application areas that have been discussed in this section are summarized in 
Table 2.1. 
Table 2.1 Ammonia detection requirements in different application areas 
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Application Detection limit Response time 
Operation 
temperature 
Chemical industry 20 – 1000 ppm ~ 1 minute 400 – 500 °C 
Environmental 
monitoring 
1 ppb – 50 ppm ~ 30 minutes 0 – 40 °C 
Automotive industry 1 – 50 ppm ~ 30 seconds 100 – 300 °C 
Medical applications 10 – 1000 ppb ~ 1 minutes 20 – 40 °C 
Power transformer 
diagnosis 
1 – 100 ppm ~ 1 hour 50 – 100 °C 
 
2.3. Ammonia Detection Principles 
There are many principles for sensing and measuring ammonia concentrations in 
the literature. The most frequently used techniques in commercial ammonia detectors are 
discussed in this section. First, metal-oxide gas sensors will be described. Secondly, 
catalytic ammonia detectors will be explained, followed by conducting polymer analyzers. 
Then, optical detection techniques including absorption and fluorescence methods will be 
introduced. In the fifth sub-section, using VCP to make a selective ammonia sensor is 
discussed, followed by a summary of the described techniques. 
2.3.1. Metal-oxide Sensors 
The ammonia sensors have been manufactured in the largest quantities are the 
metal-oxide gas sensors, mostly based on SnO2 [35]. These materials are rugged and 
inexpensive and thus very promising for developing gas sensors. A lot of research has been 
done on these types of gas sensors. It is well established by now that the gas sensors operate 
on the principle of conductance change due to chemisorption of gas molecules to the 
sensing layer. 
The metal-oxide films inside these sensors consist of a large number of grains 
contacting at their boundaries. The electrical characteristics are governed by the formation 
of double Schottky potential barriers at the interface of adjacent grains, which determines 
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the conductance of the material. When exposed to a chemically reducing gas like ammonia, 
mutual interaction between the gas and the oxygen result in oxidation of the gas at the 
surface. The removal of oxygen from the grain surface results in a decrease in barrier height 
and therefore changes the conductance of the material. 
While metal-oxide sensing materials are inexpensive and readily available for 
development, they are not selective to ammonia compared to other gases. This major 
drawback has been tackled by doping additional layers like metals or additive agents to 
enhance the chemisorption of specific gases. For example, WO3 based sensing materials 
are demonstrated to respond selectively to NH3 and NO when added to SnO2 [58]. Other 
known additive agents for optimizing ammonia selectivity are Pb, Bi and AlSiO3, or Pt and 
SiO2. Another disadvantage of metal-oxide sensors is their operational temperature range. 
To obtain maximum sensitivity, the working temperature must be above 300°C which is 
not suitable for transformer operating temperatures between 50°C - 100°C. 
The ammonia detection limit reported in the literature using metal-oxide sensors is 
in the ppb range, using a WO3 ammonia sensor [58]. This sensor is operated at an elevated 
temperature of more than 400°C. The typical detection limits of these sensors range from 
1ppm to 1000ppm. These sensors are commercially available and are mainly used in gas 
alarm systems, for instance for reliable ammonia leakage detection in the refrigeration 
system. 
2.3.2. Catalytic Metal Detectors 
The reactivity of certain catalytic metals is a great indicator of specific gases like 
ammonia, hydrogen, carbon monoxide, or organic vapors. Catalytic metal detectors consist 
of two components: a detector module which contains the catalytic metal and is sensitive 
to gases like ammonia, and a compensator module which is inert to gases. When exposed 
to the sensitive gas, the catalytic metal will interact with the gas compounds, causing a 
rising in its temperature which consequently increase the resistance of the detector module. 
The compensator module will be unaffected and its resistance remains unchanged. A 
Wheatstone bridge circuit can be then used to measure the voltage imbalance between the 
two modules, which can be used to determine the gas concentrations. 
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Like metal-oxide sensors, the catalytic metal detectors are also not suitable for 
detecting ammonia in transformers for several reasons. First, the temperature required for 
the catalytic metal detectors to operate is much higher than the temperature settings inside 
a transformer. Reducing the sensor temperature to less than 100°C may lower the detecting 
sensitivity. The selectivity is another drawback which depends on parameters like the used 
catalytic metal and operating temperatures. There are no catalytic metal sensors found 
suitable for transformers diagnosis applications.  
2.3.3. Conducting Polymer Analyzers 
Another ammonia sensing technique makes use of polymers. Polypyrrole and 
polyaniline are the two common seeing materials. The sensing mechanism of polypyrrole 
films is two-fold: first, there is an irreversible reaction between ammonia and the polymer 
and, secondly, ammonia can reversibly reduce the oxidized form of polpyrrole. The 
reduction of the polymer film causes a change in the conductivity of the polymer, making 
it a suitable material for resistometric or amperometric ammonia detection. The response 
times of such a polymer-based sensor is about 4 minutes. However, the irreversible reaction 
with ammonia results in an increase in mass in the polymer film and causes the sensitivity 
of the sensor to decrease over time. Although regeneration mechanisms have been 
proposed, this is a major drawback of this type of sensors. 
Polyaniline was proved to be a much more stable conducting polymer material. The 
polymer is believed to be deprotonated by ammonia, which results in the change in its 
conduction. The lower detection limit of gas sensors based on the two is about 1 ppm. 
These sensors are commercially available for measuring ammonia levels in alarm systems. 
However, the largest drawback for this type of detector is that the sensitivity of the 
conducting polymer decreases over time due to the irreversible nature of the reactions. 
Therefore, the conduction polymer detector is not suitable for long term ammonia 
monitoring required for transformers’ health diagnosis. 
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2.3.4. Optical Methods 
There are three main optical principles for the detection of ammonia described in 
the literature. The first spectrophotometric method is based on a change in color when 
ammonia reacts with a reagent. With the second principle, optical absorption detection is 
applied as a method to sense ammonia. The third optical method exploits the fluorescent 
nature of specific ammonia sensitive material and detects ammonia based on the change of 
the fluorescent spectrum. 
Spectrophotometric Ammonia Detection 
Spectrophotometry is a popular technique where a specific reaction causes a color 
change of an analyte. The best-known example is the pH paper. A piece of this paper in a 
solution colorizes according to the pH of the solution. There are many commercially 
available detections kits for all kinds of dissolved gases. 
There are different coloration reactions in use for dissolved ammonia. One of the 
well-known reactions is the Nessler reaction [42]. This ammonia detection method is 
readily available and has been applied frequently for determining ammonia concentrations 
in water. The Nessler reagent consists of dipotassium tetraiodomercurate(II) in a dilute 
alkaline solution, normally sodium hydroxide. On the downside, this reagent is toxic and 
is not a well-established technique to measure the concentration quantitatively. 
The Berthelot reaction is another coloration method to measure ammonia 
concentrations. A combination of ammonia, phenol, and hypochlorite results in a blue 
coloration [43]. This reaction uses less dangerous chemicals and the reaction products are 
soluble in water. Therefore, using Berthelot reagent for ammonia detection is a preferred 
method in aqueous conditions. The drawback of this technique is the slow response of the 
reactions. An improvement was made by miniaturization in a flow-through analysis system. 
The improved detection limit is about 90 ppb [44]. 
Optical Absorption Method 
Optical absorption spectroscopy is used in the most sensitive and selective 
ammonia detectors for low concentration ammonia. Systems with a detection limit of 1 ppb 
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that do a full measurement in 1 second have been developed [45]. When a broadband light 
travels through ammonia, the spectrum of the transmitted light is influenced by the 
ammonia characteristics as a function of the concentration. Figure 2.3 shows an absorbance 
spectrum of ammonia. These systems are used in all kinds of gas analyzers in different 
application areas. They are commercially available but are costly for massive deployment. 
 
Figure 2.3 Absorption spectrum of gas phase ammonia [46] 
Although optical absorbance analyzers are very sensitive for ammonia detection, 
there are some disadvantages regarding the selectivity of gases. The main issue with this 
method is that most gases have their unique characteristic absorption spectrum and are 
overlapping at many wavelengths. When attempting to detect ammonia in a space where 
multiple substances are present, the ammonia’s absorption characteristics will be hidden in 
the overall spectrum. Therefore, this technique is great for detecting ammonia in laboratory 
settings but less suited for sensing ammonia in real-world applications. 
Fluorescence Spectroscopy Detection  
Fluorescence is the phenomenon where a molecule absorbs light within its 
absorption band and then emits this light at longer wavelengths within its emission band. 
This phenomenon can be used to identify, quantify, and observe chemical activities. 
Fluorescence spectroscopy is a method used to analyze the fluorescence properties of a 
sample by determining the concentration of an analyte in a sample. It involves using a beam 
of short-wavelength light that excites the electrons in molecules of certain samples and 
causes them to emit light. The amount of light that is absorbed by the sample and the 
amount of fluorescence that is emitted by the sample can be quantified and used to 
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determine the concentration level of the analyte compound within the sample. This 
technique is widely used for measuring compounds in air and solutions and has great 
potential in the application of ammonia sensing. 
In the literature, there are many discussions on detecting ammonia using fluorescent 
spectroscopy techniques [59-61]. These techniques utilize fluorescent polymers whose 
emission spectrums are sensitive to ammonia. Under optical excitations, the polymer’s 
emission intensity at certain wavelengths increases or decreases as the ammonia 
concentration rises and can be used as indicators for the presence of ammonia. The 
detection limit for these sensors can reach down to ppb level and do not have significant 
disadvantages over metal oxide sensors. However, the optical components including the 
excitation source and the spectrometer cost thousands of dollars and will be overwhelming 
for massive deployments. 
One feasible analyte for fluorescent ammonia detection is Vapochromic 
Coordination Polymer discovered by Dr. Leznoff’s group [47]. These powder-like 
polymers change color or luminescence emissions upon exposure to certain gases. The 
polymers are made from metal cation center linked by organic bridging ligands in a 
coordinated network structure. The luminescent properties of these polymers have 
engendered their use in chemical sensors devices and detectors. 
Specifically, the polymer to be used for ammonia sensing is Zinc dicyanoaurate 
(Zn[Au(CN)2]2) and is shown in Figure 2.4. The material is highly emissive upon deep 
violet excitation and extremely sensitive to ammonia gas [47]. The building blocks of the 
polymer display luminescence that depends on the bonding distance between gold-gold 
pairings. Upon contact with ammonia, the building blocks trap ammonia ions and cause 
the surrounding network to distort, leading to changes in the gold-gold bonding distance 
and thus changes in the emission spectrum. The polymers are sensitive to ammonia gas 
down to 1ppb in controlled lab conditions, stable until temperatures of 300°C, and 
immerse-able in mineral oil. These characteristics make it a highly favorable candidate for 
use in ammonia detection. 
Zn[Au(CN)2]2 + 2NH3 ↔ {Zn(NH3)2[Au(CN)2]2} 
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Figure 2.4 The fluorescent spectrum of Zinc dicyanoaurate before and after ammonia 
exposure 
 
The ammonia detection principles discussed in this section are summarized in Table 















Metal-oxide 100 ppb ~10 minutes 400 °C Low No 
Catalytic metal 1 ppm ~1 minute Up to 600 °C Low No 
Conducting 
polymer 
1 ppm ~3 minutes Up to 150 °C High No 
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Colorimetric 1 ppm ~5 minutes 0 – 40 °C High No 
Absorption 
spectroscopy 
1 ppb ~5 minutes 0 – 40 °C High Yes 
Fluorescent 
spectroscopy 
1 ppb ~1 minute Up to 300 °C High Yes 
2.4. Chapter Summary 
In this chapter, the application areas and detection methodologies of ammonia have 
been briefly discussed. As one of the most used industrial processing gases, ammonia is 
produced over 140 kilotons annually and plays an important role in agricultural and 
manufacturing fields. While being a utility gas in many industrial applications, high 
concentrations of ammonia form a threat to human health. In specific applications, the 
concentration could also serve as a key indicator for diagnostic analysis, for instance, the 
likelihood of a transformer breakdown.  
Many ammonia detections and monitoring systems have been developed for 
different scenarios. These systems have been investigated and concluded with a table 
summarizing their specifications including detection limits, response time, and operating 
temperatures. The results suggested that no existent detection systems are capable to 
measure ammonia concentration levels inside a power transformer repetitively because of 
the harsh operating conditions. The VCP is extremely sensitive to ammonia, stable at high 
temperature, insoluble in oil, and could be a potential sensing material for ammonia 
measurement inside transformers. A proof-of-concept ammonia sensor system that utilizes 
VCP as sensing material will be introduced and detailed in the next chapter. 
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Chapter 3.  
 
Implementing a Laser-induced Fluorescence 
Spectroscopy System for Ammonia Detection 
In using the Vapochromic Coordination Polymers in a sensor system that detects 
concentrations of ammonia in the air, two conceptual sensor systems - the Photodiode 
Sensor System (PSS) and Spectrometer Sensor System (SSS) have been designed and 
explored by Mr. Yu in his undergraduate thesis [48]. While both systems have 
demonstrated ammonia detection at high concentrations, many key investigations are yet 
to be done in sub-ppm range detections. 
In this chapter, efforts have been made to improve the spectrometer sensor system 
as well as the experimental environments. New optical components such as a deep violet 
405 nm laser diode and a portable spectrometer have been added to enhance the spectral 
signal integrity. Also, a programmable gas mixer is integrated into the system serving as 
the flow rate controller for ammonia exposure experiments. The output tubing of the mixer 
is connected to a gas chamber made of a sealed quartz cuvette. Furthermore, a platform has 
been designed and 3D printed to house the various components and set up different testing 
scenarios. This chapter details the design, implementation, and testing of the upgraded 
spectrometer sensor system. 
3.1. The Original Sensing Systems 
The PSS design shown in Figure 3.1 used electro-optical components including a 
deep violet metal CAN OUE8A series from OPTEK Technology Inc. which emit at a peak 
wavelength of 405 nm as the light source and a photodiode as the detector. The components 
were embedded into an analog electronics circuitry which maps optical response of the 
sensing material to voltage read-outs. The PSS has shown a significant change in signal 
when exposed to highly concentrated ammonia vapor. However, the system detection limit 
is bottomed at 1000 ppm ammonia concentration and is unable to detect the emission shift 
of the sensing materials. Besides, the system voltage readouts do not reveal much spectral 
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information and thus creating challenges for spectral analysis. The difficulty foreseen in 
overcoming the challenges of increasing PSS sensitivity to the sub-ppm range suggests 







Figure 3.1 The setup of the photodiode sensing configuration [48] 
To overcome the detection limit of using photodiode as the detector, another design 
approach named the Spectral Sensing System which uses a commercial spectrometer as the 
detector has been briefly explored. A spectrometer is an optical instrument that detects 
spectral components of light and measures their intensity as a function of wavelength [49]. 
The spectrometer considered in the original work is the SPM-002-C Compact Spectrometer 
from Photon Control, which uses a crossed Czerny turner design [50]. It operates at a 
wavelength spectrum of 350 nm – 1000 nm, allowing the user to measure and analyze a 
more complete view of the emission spectrum of the sensing material. The device comes 
with accompanying control software that can easily view, collect, and transfer the spectral 
data to a PC through a USB connection.  
The spectral sensing configuration contains three items: a deep-violet 405 nm LED 
light source, a portable spectral detector, and a polymer sample holder. The ammonia 
sensing scheme is straightforward: the light source emits light in the deep-violet 
wavelengths to the polymers that are held on a sample holder. The polymer absorbs a 
portion of the incident light and then fluoresces at ~470 nm wavelength. As the ammonia 
is introduced to the sample holder, ammonia molecules are starting to interact with the 
2 cm 
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polymers and thus alter their compound structure. As a result, the polymers’ fluorescence 
properties are changed, causing a wavelength shift in the emission peak towards ~550 nm. 
This change in polymers’ emission wavelength can be captured by the spectral detector 
and therefore achieve ammonia detection. The assembled setup is shown in Figure 3.2, 








For the SSS setup, the corresponding emission of the polymers under 405 nm LED 
excitation result in a Gaussian-shaped spectral curve peaked at 470 nm, as shown in Figure 
3.3. This spectral curve is the polymer’s baseline emission at zero ammonia concentration. 
It is noted that the polymer emission peak is much lower than the LED spectra due to its 
low emission intensity. Also, the spread of the emission peak has an overlap with the LED’s 
right tail. These created several problems when detecting changes in the spectral shape. 
First, the LED intensity is not high enough to induce a significant emission peak which 
resulted in reduced sensitivity when detecting ppm level ammonia. Another crucial 
problem is that the spectral shape of the emission peak is partially hidden due to the 
overlapping between the excitation peak and the emission peak. Although the spectrometer 
offers a complete view of the sensing material’s emission spectrum and successfully 
detects emission changes induced by concentrated ammonia vapors, it is also unable to 
register any spectral response at the 500 ppm. 
 
2 cm 










As a comparison between the two systems, the PSS is cheaper and more adaptable 
to user adjustments. It takes advantage of the straightforward emission response of the 
sensing polymers using photodiodes. The SSS is more expensive but has the capability to 
collect complete spectral information of the sensing polymers beyond the single output the 
PSS produces. Although both systems were unable to detect changes at 500 ppm 
concentration levels, the SSS has a higher potential for improvements and is more likely to 
achieve ammonia detection in the sub-ppm range. 
In summary, the basic spectral sensing system is a favorable design for ammonia 
detection because it provides the full range of spectral information throughout the 
experimenting process. The wealth of information across the whole spectrum offers more 
data points to analyze and to use in any subsequent data processing methods. In addition, 
the optical setup could be improved by hardware modifications, pushing the detection limit 
towards sub-ppm levels. The next section will introduce the hardware improvements to the 
system. 
LED excitation peak 
Polymer emission peak 
Figure 3.3 The spectral response of the VCP sample at 0 ppm ammonia [48] 
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Figure 3.4 (a) Excitation-emission spectrum using LED vs. (b) excitation-emission spectrum using laser 
3.2. Optical Improvements to the Spectral Sensing System 
3.2.1. Using a 405 nm Diode Laser as the Excitation Source 
To improve the detection limit of the spectral sensing system, the spectral intensity 
received by the spectrometer must be enhanced substantially. The use of another excitation 
source besides the LEDs is desirable to increase the excitation output power. A laser diode 
in the form of a laser pointer fulfills this requirement and offers additional advantages while 
maintaining a small size.  
Previously, a 405 nm LED was served as the optical excitation source to the 
ammonia sensing polymer and the system’s spectral image is shown in Figure 3.4(a). It is 
noted that the polymer emission peak is relatively low and has partial overlap with the LED 
spectra. Swapping the 405 nm LED with a 405 nm laser diode produces a spectral image 
shown in Figure 3.4(b). Note that both the low emission intensity and the spectral 
overlapping issues were solved. The upgrading cost of the light source is only $20 since 
these low-cost 405 nm laser diodes are commonly available on the market thanks to the 








The laser diode can produce such a coherent beam with a spectral peak’s FWHM 
of 5 nm, significantly smaller than what is possible with the original LEDs. The narrower 
output removes the overlap between the excitation spectrum and Vapochromic 
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Coordination Polymer’s emission spectrum, allowing better isolation of the desired signal. 
Also, the laser diode is powered by an AC/DC adapter through a wall outlet, providing 
more consistent power output compared with LEDs. This is desirable for better 
reproducibility of light intensity measurements in between trails. 
3.2.2. Adding a Light Collecting Lens to the System 
On top of using a laser as an excitation source to increase the emission intensity, 
the use of an optical lens also helps to collect and gather the light emission from the sensing 
polymers. Drop-casting the VCP onto the substrate plate creates a large surface area that 
luminesces upon optical excitation. However, only a small portion of the luminescent light 
is transmitted into the spectrometer entrance slit due to its 5° narrow acceptance angle. 
Introducing a light-gathering lens could significantly increase the amount of light received 
by the detector and improve the spectral signal integrity.  
On average, the deposited polymers are spread on the substrate surface with a disk-
like pattern that has a diameter of 10 mm. The size of the entrance slit of the spectrometer, 
on the other hand, is only 3.14 mm in diameter. To increase the luminescence light intensity, 
a lens with a large numerical aperture is desired [51]. Among the available lenses, the one 
with the highest NA is the N-BK7 25 mm focal length spherical bi-convex lens from 
Thorlabs [52]. It has a diameter of 25.4 mm and a NA of 0.447, which can be calculated 
from the equation below. 
 NA = n sin (arctan (
𝑟
𝑓
)), Equation 3.1 
where n = 1 is the refractive index of air, r is the lens radius, and f is the focal length of the 
lens. 
To optimize the optical path in between the polymer sample, lens, and the 
spectrometer, an optical magnification factor of 0.33 is desired. This way the image size of 
the luminescent polymers is three times smaller than the original object, and thus the 
reduced size image can through the spectrometer slit. With the lens selection and a choice 
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Figure 3.5 The configuration of the modified optical elements 
of magnification factor, the object distance s and the image distance s’ can be calculated 
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𝑠
 Equation 3.2 
where f is the focal length of the lens and M is the magnification factor. Solving the 
equations resulted in s = 100.8 and s’ = 33.3. In other words, the sample and the 
spectrometer should be placed 100.8 mm and 33.3 mm away from the lens on each side, as 
illustrated in Figure 3.5. In this configuration, all three elements must be facing 










 To quantitatively compare the change in light intensity received by the spectrometer 
when a lens is added, the flux and irradiance calculations can be used. Assuming the 







, Equation 3.3 
where Lo is the radiance of the polymer sample, Ao is the sample area, As is the slit area, s 








. Equation 3.4 
The equations can also be applied to solve the flux and irradiance in the upgraded 
configuration. In this case, assuming the light collected by the lens is fully collected into 
the slit. The results are shown in Table 3.1. In summary, the light received by the 
spectrometer is increased by 253% when the lens is added. 
 
Table 3.1 Relative change in light intensity received by the spectrometer 
 




Irradiance 0.196 Lo 0.497 Lo 253% 
 
3.3. Ammonia Gas Flow Control System 
Once the upgraded optical components are installed, the next step of the 
experimental setup is the ammonia flow control. In the new setup, using a quartz cuvette 
as the enclosed space to contain ammonia gas offers many advantages compared to other 
gas chamber solutions. First of all, the cuvette has a compact dimension of 12 mm x 12 
mm x 50mm that does not compensate much space in the setup. It has four transparent 
sides made of fused quartz, which offers superior transmittance in the UV-visible 
wavelengths needed for the excitation and emission lights to pass through. In addition, the 
opening end can be easily sealed with a cork, making it an airtight chamber that isolates 




Through-hole for gas 
transportation 
1 cm 
Figure 3.6 cork-substrate attachment 
To simplify the experimental setup, an innovative cork-substrate attachment has 
been made shown in Figure 3.6. The attachment can snuggly seal the cuvette opening like 
a cork and has an extended plate at the lower end serving as the substrate plate for ammonia 











For experiments carried out in this thesis, ammonia comes from multiple sources. 
The first source is the concentrated headspace vapors found inside a bottle of 28% aqueous 
ammonia hydroxide (NH4OH) solution [53]. The exact vapor concentration is unknown 
but a saturated vapor pressure of 0.73 atm has been reported in the literature [54], which 
suggests that it is a highly volatile liquid and the headspace concentration could be similar 
to the original sample. The rest sources are pre-calibrated gas cylinders that contain 
mixtures of 1000 ppm (0.1%), 50 ppm (0.005%), and 5 ppm (0.0005%) ammonia gas 
blended with air, respectively. 
For concentrated ammonia headspace vapors, a 10 mL syringe is used to suction 
the ammonia vapors from the bottle and transfer the vapors through the airtight cuvette 
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Figure 3.7 Experimental setup with the headspace ammonia 
where the polymer sample is located. Next, 5 ml of this highly concentrated ammonia gas 








For the pre-mixed cylinders, the ammonia gas is controlled by a programmable gas 
mixing system from Environics, Inc. (Series 4000) [55]. The device contains eight input 
ports and one output port, allowing an individual gas to flow at a time or multiple ones to 
go at once. The gas mixer ports are linked with the ammonia cylinder and the cuvette 
through the tubing, serving as the intermediate controller of the gas flow. A syringe needle 
is attached at the tubing output terminal, penetrating through the cuvette cap for gas 







Figure 3.8 Experimental setup with the pre-calibrated ammonia cylinders 
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3.4. The Upgraded Spectral Sensing System 
To better facilitate the placement of the Vapochromic Coordination Polymer 
sample and path of light emission, a platform that holds the optical components is designed 
and 3D printed. Placing the various components on such a platform allows for simple setup 
and improves the repeatability and precision of the experiment. As seen in Figure 3.9, this 












The diode laser is mounted on a post at the far edge of the platform and is aiming 
at the cuvette. The polymers are immobilized on a 1 cm by 0.5 cm flat adhesive attached 
to the substrate plate and is placed inside the cuvette. To deflect the polymer emission into 
the lens the substrate plate is slanted by 45 degrees angle with respect to the laser beam.  
To properly collect the polymer emissions and feed them into the spectrometer, the 
positions of the lens and spectrometer are carefully designed and aligned so they obey the 
object distance and the image distance calculated in Section 3.3. This way the polymer 
Figure 3.9 The upgraded spectral sensing system mounted on a custom-built platform 
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emission gets focused by the lens, creating an image with an increased intensity that can 
pass through the entrance slit of the spectrometer. The position of the spectrometer is 
rotated at 20 degrees to be optically aligned with the lens. 
The modifications to the sensing system and their influences are summarized in 
Table 3.2. 




Using a diode laser as excitation 
source 
To provide a higher output power 
and narrow spectral peak 
Increased emission intensity and 
avoided spectral overlap 
 
Adding a light collecting lens To collect more emission light for 
the spectrometer 
Increased the emission intensity 
received by 253% 
 
Using a cuvette as sample 
container and gas chamber 
A gas chamber is required for 
ammonia exposure experiments 
Capable to hold the polymer 
sample while flowing gas without 
leakage 
 
Adding a gas flow controller To precisely control the flow rate 
of gases 
Controlled flow rate in between 1 
– 1000 cubic centimeters per 
minute 
 
Migrating the setup to a custom-
designed platform 
 
To mount all components in a 
fashion 
A ready-to-use platform that do 
not require optical calibrations 
Adding a beam splitter To measure the laser output 
power 








3.5. Chapter Summary 
The work presented in this chapter contributes to the implementation of a laser-
induced fluorescence spectroscopy system for ammonia detection. In the original work, a 
basic spectral sensing system that consists of a 405 nm LED diode, sample holder, and 
spectrometer has been implemented for ammonia detection. The system has successfully 
detected high concentration ammonia through the change in the polymer emission 
spectrum. However, at ppm levels, this configuration was not able to sense any spectral 
changes. In this thesis work, an upgraded spectral sensing system has been implemented 
based on the original configuration. Many modifications have been done on the hardware 
set-up aimed to improve the spectral signal integrity, the gas flow control, as well as the 
ease of experimental setup. Overall, the modifications have demonstrated promising results 
which are summarized in Table 3.2.  The next chapter will be discussing the calibration 
tests and experiment protocols of the new system.  
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Chapter 4.  
 
Optical Stability Calibration of Vapochromic 
Coordination Polymer Spectral Sensor System 
When monitoring the transformer’s health status, the VCP spectral sensor signal 
must remain stable and accurate at operating conditions. Signal noises, fluctuations, and 
drifts caused by instrumentation issues or fluorescence quenching are misleading and must 
be compromised. Since the previous work did not address many of these issues, this thesis 
will investigate the instability in the VCP sensor signal due to various causes as well as the 
attempt to find suitable solutions.  
4.1. Introduction 
To obtain accurate results from using the new spectral sensing system, the intensity 
of polymer emission must remain stable in an ambient environment setting. One method 
to validate the system reliability is performing control experiments on settings such as the 
laser power density, optical exposure duration, and flow rate of gases. By analyzing the 
system’s responses to such tests, the system settings can be calibrated accordingly and thus 
come up with appropriate experimental protocols. 
In addition to validate the system reliability, testing the selectivity attribute of the 
sensing material is also needed prior to ammonia exposure experiments. It must be proven 
that the spectral shift is exclusively caused by interacting with ammonia and irreverent to 
other substances found in power transformers. The selectivity feature can be tested by 
sending gas other than ammonia into the system and observe whether there are anomalies 
in the emission peak. 
In this chapter, the laser and spectrometer reliabilities are first investigated. The 
device characteristics such as the laser spot size, power stability, and exposure durations 
are studied to determine their optimal settings, ensuring the spectral signals are precise and 
consistent during experiments. Then, controlled experiments regarding the polymer 
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selectivity are performed. Common gases like air, nitrogen, carbon dioxide, and argon are 
exposed to the system to verify if the polymer is responsive to non-ammonia gases. 
4.2. Laser Power Stability Evaluation 
The laser power stability plays an important role in the system and must be checked 
before ammonia exposure tests. First, the laser spot-size that hits the VCP sample is set to 
0.4 mm which is equivalent to a power density of 39 mW/mm2. The beam spot-size is a 
key parameter which relates to the power density of the laser. A larger beam spot covers a 
bigger sample area but will reduce the power density. The second setting is the 
spectrometer’s exposure time, which specifies the amount of time for the spectrometer to 
collect light before sampling the CCD detector. In general, a higher exposure time allows 
the detection of weaker optical signals at the cost of lower signal to noise ratio. The 
spectrometer exposure time has been set to 50,000 us. 
Under the 405 nm laser stimulation, the base VCP fluorescent spectrum has a near-
Gaussian shape which peaks at ~480nm with a FHWM of 74 nm measured by the 
spectrometer, as displayed in Figure 4.1. The maximum intensity of the emission peak is 
at ~900, much lower than the saturated signal generated from the laser. The laser’s FWHM 
has a value of 15 nm is wider than the given laser specification due to a high spectrometer 









Polymer emission peak 
Figure 4.1 The fluorescent spectrum of the polymers using baseline settings 
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Figure 4.2 The setup of measuring laser power 
The instrument choice of measuring the laser power falls naturally onto optical 
power meters. In this work, a Coherent FieldMaster GS power meter is used as the power 
measuring instrument [56]. It contains a high-sensitive silicon photodiode and is ideal for 
continuous-wave laser power measurements in the range from 10 nW to 50 mW. To better 
facilitate the path of the laser beam, the setup is temporarily moved onto an optical 









As seen in the figure, a piece of glass slide serving as the beam splitter is inserted 
in between the reflecting mirror and the polymer sample. It is 45 degrees tilted with respect 
to the optical path, deflecting approximately 7% of the laser beam into the power meter 
placed at the top in Figure 4.2. Measuring the laser power this way preserves the laser’s 
native characteristics while does not interfere with the optical excitation of the polymer 
samples. The spectral emission of the polymers is measured simultaneously along with the 
laser power measurement, in which a correlation can be established between the excitation 
power and emission intensity. The laser power density vs. emission intensity plot is given 
in Figure 4.3. It is noted that the emission intensity goes up with the power density. For 
now, the laser power density setting is 39 mW/mm2. 
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Figure 4.3 VCP emission intensity vs. Laser power density 








With the power meter included in the setup, it is possible to obtain and verify both 
the laser power and the polymer emission intensity at once., A baseline laser excitation of 
three hours has been performed to check the stabilities of the laser and the VCP emission. 
The data readout from the power meter is plotted in Figure 4.4(a). In addition, the 
simultaneously recorded spectral data produces a collection of snapshots, containing the 
polymer’s spectral information throughout the experiment duration. The integrated 
emission values of each snapshot are extracted, producing a time series plot as displayed 









From the plot, several important observations can be made about the optical 
properties of the system. The laser power took approximately one hour to warm up and 
remained stable throughout the rest of the measuring duration. On the other hand, the 
emission intensity showed high dependency on the laser power within the first 20 minutes 
of the test but is then dropped by 12.7% over the next few hours while the laser operates in 
a stable condition. The emission intensity drop is troublesome for data processing at a later 
stage since it is not a consistent reference. Finding ways to minimize the intensity loss is 
needed to keep the baseline signal consistent. 
4.3. VCP Fluorescent Emission Stability Evaluation 
Although the laser power remains stable over a long time of continuous operation, 
the decrease in VCP emission intensity will pose a problem in ammonia exposure 
experiments and must be stabilized. The cause of fluorescence quenching could be very 
complicated which involves molecular interactions within polymers. Instead of studying 
the nature of quenching effects, this chapter will be concerned primarily with ways of 
minimizing intensity decays during the experimental process.  
One proposed method to reduce the emission quenching is to periodically block out 
the laser beam, allowing the emission intensity to recover from the extended optical 
excitation. To test the time needed for the intensity to recover, a beam stopper has been 
used to block the laser after its emission intensity has dropped to 80% from the original. 
The beam stopper is then removed after a certain amount of time, allowing the spectrometer 
to measure the recovered emission intensity and compare it with the value before placing 
the beam stopper. 
From the observations seen in Figure 4.5, it is confirmed that a longer rest time will 
make a better recovery in emission intensity. However, the rate of emission recovery is 
much slower than expected. A laser blackout of three hours could only reclaim 92% of the 
original intensity. Also, adding a beam blocking mechanism will increase system 
complexity and cost. This method may work for experiments with shorter laser exposure 
durations but is not an efficient way to control quenching under extended laser excitations. 
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Another investigated technique to slow down the quenching rate is to reduce the 
power density of the diode laser. The power density is the total laser power over the spot-
size of the beam. While the total output power from the laser is fixed at 22.9 mW, the 
power density can be varied by manipulating the spot-size of the beam hitting the VCP 
sample. In the baseline setting, the spot-size of the beam is 0.4 mm, which converts to a 
power density of 39 mW/mm2. To examine the correlation between the power density and 
the quenching rate, the laser exposure experiments have been performed for three hours 




















As seen from the plot, the percentage drop in emission intensity is highly correlated 
to the power density of the laser. A higher power density from the excitation laser causes 
greater amount of emission intensity decay. In the worst-case scenario, a focused beam 
spot which has a waist size of 0.08 mm or roughly 1000 mW/mm2 in power density, has 
caused an emission quenching for more than 40% during the experiment. In the good news, 
when the laser spot-size is enlarged to 1.2 mm, the power density is measured as 2.2 
mW/mm2 and the amount of emission quenching is significantly reduced to 1%. As a 
conclusion, choosing a laser that has a power density less or equal to 2.2 mW/mm2 will 
cause a stable VCP emission, and this value will be adopted as the new baseline setting for 
power density. 
4.4. System Responses to Reference Gases 
Beyond testing the optical stabilities of the system, another concern that needs to 
be addressed is the system response to non-ammonia gases. The polymer is designed to be 
a material that is exclusively sensitive to ammonia or otherwise remain unchanged. 
Exposing the polymer sample to non-ammonia gases could quickly verify its selectivity 
Figure 4.6 Correlation between laser power density and percentage drop in emission intensities 
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characteristics. The polymer samples are exposed to some common inert gases including 
air, nitrogen, argon, and carbon dioxide using the setup described chapter 3. 
The first tested gas is compressed air which is available through the lab air faucet 
found inside the fume hood. To begin the test, the system is turned on and started to 
prerecord the baseline spectrum for 5 minutes. The compressed air is then introduced to 
the sample through the mass flow controller with a flow rate of 1000 ccm. After a 
continuous gas flow of 30 minutes, the mass controller is shut off while the spectral data is 








The Figure on the left shows the spectral peak of the polymer emission taken at five 
different timestamps. On the right-hand side, the peak values of the emission spectrum 
have been extracted and displayed in Figure 4.6(b). As seen from the plots, the emission 
intensity had no skeptical movements at both points when the flow has started and stopped. 
The entire plot is stable indicating the polymer emission is unaffected by the flow of air. 
Then, the experiment is repeated with nitrogen, argon, and carbon dioxide 
separately. However, unlike the stable results when exposed to air, the polymer’s emission 
intensity experienced great amounts of increases to all three gases as displayed in Figure 
4.8.  
 
Figure 4.7 (a) Stacked screenshots of VCP emission peak at different time frames 
during air flow (b) VCP emission intensity vs. time 
(a) (b) 
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As seen in Figure 4.8(a), the emission intensity is relatively stable during the 
prerecording stage. However, when nitrogen is introduced into the cuvette, an unexpected 
rise in emission intensity has occurred and plateaued at a value that is 300% brighter than 
the initial intensity. At the 35 minutes mark, the nitrogen flow is stopped. The peak 
intensity then slowly headed down to the base level. Similar patterns are observed when 
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the sample is exposed to argon and carbon dioxide, as shown in Figure 4.8(b) and (c), 
respectively. 
To explain the unexpected phenomenon, one favorable hypothesis is that the 
removal of ambient oxygen during the nitrogen/argon/carbon dioxide gassing process has 
caused an increase in the polymer’s emission intensity. Oxygen is known as a common 
collisional quencher that quenches almost all known fluorophores [57]. The unpaired spins 
of paramagnetic oxygen can induce a fraction of the electrons in the excited state to 
undergo intersystem crossing from the singlet state to the triplet state, and then returning 
to the ground state through non-radiative deactivation. Consequently, the emission 
intensity of the polymer is being suppressed in an oxygen-rich environment. By flowing 
air through the system, the ambient oxygen concentration is unchanged and thus the 
emission intensity is unaffected. 
On the other hand, as the ambient oxygen concentration is diluted by flowing 
nitrogen/argon/carbon dioxide into the system, an increasing number of the electrons in the 
excited state will return to the ground through the radiative decay process. In this case, 
more photons will be emitted and therefore boost the emission intensity. 
While the experimental results are in favor of the “oxygen as quencher” hypothesis, 
further investigations are required to confirm the cause of variations in emission intensity. 
For instance, evaluating the emission intensity as a function of ambient oxygen 
concentration may provide convincing results to support this hypothesis. In addition, 
investigating the emission responses to other common gases like hydrogen and methane 
are also of great interest. Also, the temperature setting needs to be addressed since it could 
affect the emission intensity. For the conducted experiments, a thermocouple was used to 
monitor the temperature and found no change during the gassing process. 
Despite the unusual responses to certain inert gases, the emission spectrum of 
polymer is proven to be unaffected under the flow of air. Using air as the control gas for 
ammonia detection not only provides a stable baseline signal but also has a gas composition 
like the headspace inside a transformer. Also, air can be served as a balancing gas for 
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diluting ammonia to low concentration levels. The fact that it is not interfering with the 
emission spectrum is crucial for testing the detection limit of the sensing system.  
4.5. Chapter Summary 
In this chapter, the baseline characteristics of the sensing system are investigated. 
First, an optical stability evaluation has been conducted by running the laser stimulation 
and recording the emission spectrum for an extended duration of three hours. It is noted 
that the laser power required about one hour to warm-up and remained stable throughout 
the rest of the test. However, the fluorescent polymer has encountered a 12.7% drop in 
emission intensity. 
To address this issue, several control experiments have been performed and it was 
found that the signal decay has a strong correlation with the power density of the excitation 
laser. Knowing that a higher power density accelerates the intensity decaying rate, the 
countermeasure is to decrease the density by enlarging the laser spot-size hitting on the 
polymer sample. As a result, the emission intensity decay characteristic has been 
significantly improved and is less than 1% throughout the experiment. 
After solving the optical stability problem, another challenge encountered during 
experimentations is the unfavorable emission response to certain control gases. When 
running inert gases including nitrogen, argon, and carbon dioxide through the system, the 
sensing polymer had experienced great increasing amounts in emission intensity. On the 
other hand, the emission signal remained unchanged when air is used as the testing gas. 
The proposed explanation for this phenomenon is that the variation in emission 
intensity is attributed to the quenching characteristics of ambient oxygen in the system. 
When the system is filled with air, its oxygen composition consistently quenches the 
emission intensity at a constant level. As a specific control gas is introduced to the system, 
the ambient oxygen level is diluted and thus its quenching ability is reduced, increasing the 
emission intensity. However, further investigations are needed to provide supporting 
evidence for this hypothesis. For this thesis work, air will be used as the baseline gas for 
ammonia sensing experiments. 
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Chapter 5.  
 
Detection of Low Concentration Ammonia Using 
Spectral Processing Techniques 
With a stabilized optical signal, it is possible to explore ways to get the maximum 
sensitivity from the sensor system. Upon exposure to vaporized ammonia, the VCP’s 
emission peak undergoes a ~50nm spectral shift as well as a significant increase in intensity. 
These changes in emission peak intensity, wavelength, and FWHM can be easily identified 
and serve as measuring metrics to high ammonia concentrations. However, at 
concentrations below 1000 ppm, the changes in the VCP’s emission peak become subtle. 
Those above-mentioned spectral measuring metrics become far less sensitive at lower 
concentrations. Therefore, finding ways to identify the hidden spectral changes are crucial 
to enable sensor detection at low ammonia concentrations. In this chapter, ammonia 
exposure experiments at various concentration levels are performed. In addition to using 
traditional measuring metrics, a few novel methods have been proposed and validated 
effort to detect ammonia at concentrations below 1000 ppm.  
5.1. Overview 
The VCP’s spectral shifting characteristic under exposure to high concentration 
ammonia makes it a great sensing material for ammonia detectors. By exposing the 
polymer to vaporized ammonia, a significant emission peak shift from 480 nm to 530 nm 
with a 5-fold intensity increase is observed in Figure 5.1(a). These changes in emission 
peak intensity, wavelength, and FWHM can be easily observed on the spectrometer display 


















These simple measuring metrics, however, are not very effective at detecting 
ammonia in the parts per million range. Looking at Figure 5.1(b), (c), and (d), during 5 to 
1000 ppm level ammonia exposures, these changes in emission wavelength and intensity 
are subtle. The emission peak wavelengths before and after the exposure have almost no 
difference. Therefore, finding advanced methods to detect changes in the emission peak 
must be realized. In this chapter we examine several methods 
To further investigate VCP’s sensing characteristics under ppm level ammonia 
exposures, advanced data processing methods that analyze the hidden shifting patterns are 
needed. The first common technique to study the spectral change is the background 
subtraction method. As the name suggests, this method performs a subtraction between the 
(c) (d) 
(a) (b) 
Figure 5.1 VCP emission responses to (a) vaporized ammonia, (b) 1000 ppm, (c) 50 
ppm, and (d) 5 ppm ammonia 
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real-time spectra and a background model containing the baseline VCP emission peak. The 
resultant data will contain information on spectral shape changes. 
The second method looks at the integrated emission of the VCP’s spectral peak. 
This technique integrates the emission intensity as a function of wavelength from 430 nm 
to 650 nm, and result in a one-dimensional time series plot that measures the overall change 
of the emission intensity. The advantage of emission integration is that the minuscule 
changes of the overall spectrum, when exposed to ammonia, will be accumulated and is a 
good indication for the change in overall intensity. 
The third is the Spectral Region Subtraction method, a novel data processing 
technique specifically designed based on the polymer spectral characteristics, is also 
exploited to analyze the data. This technique tracks the accumulated intensity changes in 
two spectral regions, one from 430 nm to 516 nm, and the other from 516 nm to 650 nm. 
The difference between the two is then calculated and used as the ammonia detection metric.  
In this chapter, ammonia exposure experiments at various concentration levels are 
performed. In addition to use traditional measuring metrics, these above-mentioned data 
processing methods are investigated and compared effort to detect ammonia at 
concentrations below 1000 ppm. 
5.2. Characterizing Post-ammonia Spectral Responses 
using Traditional Metrics 
To test the sensitivity of the sensor, ammonia at various concentrations is 
introduced to the system. Exposing the polymer sample to concentrated ammonia vapor 
produces easily identifiable changes on the spectrum graph. After a short burst of 5 ml 
ammonia vapor, the emission peak wavelength shifted to ~530 nm with a nearly 5x peak 










Figure 5.2 (a) Polymer’s emission spectrum before and after vaporized ammonia 
exposure and (b) change in peak intensity 
 
The emission spectrum is extremely sensitive to concentrated ammonia, but the key 
question is how the emission spectrum changes with lower concentration ammonia gases. 
The setup is again tested with pre-calibrated, air-balanced ammonia gases of 1000 ppm 
(0.1%), 50 ppm (0.005%), and 5 ppm (0.0005%), respectively. For each concentration 
setting, the spectral data is continuously recorded for 40 minutes following the 
experimental procedure: a) start recording the baseline emission, b) at 5 minute mark 
introduce ammonia to the system, c) at 35 minute mark turn off the ammonia flow, and d) 
at 40 minute mark stop spectral recording.  
However, the system is unable to sustain its performance in detecting ammonia in 
the ppm range. Introducing the pre-calibrated gas mixture of 1000 ppm ammonia gas 
blended with air into the system for 30 minutes does not result in a noticeable characteristic 
shift of the polymer, as shown in Figure 5.3(a). Also, there were no changes in emission 
peak intensity as shown in Figure 5.3(b). Note that a denoising process was applied to the 

























Figure 5.3 Left: polymer’s emission spectrum before and after ammonia exposure and 
right: change in peak (470 nm – 490 nm) intensity 
In addition to track the changes in emission peak intensity and wavelength over 
time, analyzing other spectral metrics have also been attempted. The full width at half 
maximum, which is a parameter commonly used to describe the width of a spectral peak. 
It is measured by the distance between two points on the curve at which the spectra reaches 
half of its maximum intensity value. However, as displayed in Figure 5.4, the spectral width 
remained consistent throughout the exposure experiment for all three concentrations. 
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Tracking FWHM of the emission spectrums during ppm level ammonia exposures were 











Figure 5.4 Change in Full width at half maximum of the polymer emission peak during 
1000 ppm, 50 ppm, and 5 ppm ammonia exposures 
 
Peak tailing is another commonly used measurement parameter which quantifies 





, Equation 5.1 
where λ+ and λ− are the wavelength of left and right half-maximal intensities; m is the 
wavelength of the maximum intensity. If the left tail is more pronounced than the right tail, 
the curve is said to have an asymmetry factor less than 1. If the reverse is true, the 
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asymmetry factor will be greater than 1. As seen in Figure 5.5, the peak tailing 












Figure 5.5 Changes in asymmetry factor of the emission peak during 1000 ppm, 50 ppm, 
and 5 ppm ammonia exposures 
 
Even further, subtractive cancellations of the pre-ammonia exposed spectrums from 
the post-ammonia exposed spectrums spectral subtraction have been performed. By doing 
so the background noise can be cancelled out, resulting in a cleaner, higher contrast signal 
which magnifies the changes in spectral magnitudes. However, despite best efforts in using 
the technique, the signal is unable to detect the emission shift of the polymers at such 















Figure 5.6 Subtractive cancellations of the polymer emission during 1000 ppm, 50 ppm, 
and 5 ppm ammonia exposures 
 
In using the polymer to quantitatively measure the ammonia concentration, the 
spectral results have shown that simple methods such as detecting the peak wavelength or 
intensity are less sensitive at ppm level concentrations. The intensity change and spectral 
shift become hidden within the overall changing fluorescent spectrum shape. Further data 
process and analysis techniques are needed to extract the hidden spectral features for 









Peak Wavelength [nm] FWHM [nm] 
Asymmetry 
Factor [A.U.] 
Vaporized 5.06 ± 0.01 521.8 ± 0.5 88.1 ± 0.1 0.85 ± 0.02 
1000 ppm 0.99 ± 0.01 484.8 ± 0.2 67.6 ± 0.1 1.04 ± 0.01 
50 ppm 1.01 ± 0.01 484.8 ± 0.2 67.5 ± 0.1 1.00 ± 0.01 
5 ppm 1.00 ± 0.01 484.7 ± 0.2 67.5 ± 0.1 1.00 ± 0.01 
Lab air 0.99 ±0.01 485.0 ± 0.4 68.5 ± 0.2 1.01 ± 0.02 
Baseline 0.994 ± 0.005 485.0 ± 0.2 68.45 ± 0.09 1.01 ± 0.01 
 
5.3. Characterizing Post-ammonia Spectral Responses 
using Advanced Metrics 
5.3.1. Integrated Emission 
Upon exposure to low concentration ammonia, the majority of polymers remain 
unconverted at the equilibrium state which cause the baseline emission to be the 
dominating peak and showed negligible changes. To magnify the difference in between pre 
and post exposure spectrums, several spectral processing techniques are developed. One 
way to study the data is by looking at the integrated emission of the spectral peak using the 
following equation: 
 IE(t) = ∫ 𝐼(λ, t) 𝑑λ
λ𝑢𝑝𝑝𝑒𝑟
λ𝑙𝑜𝑤𝑒𝑟
, Equation 5.2 
where λ𝑙𝑜𝑤𝑒𝑟 and λ𝑢𝑝𝑝𝑒𝑟 are 430 nm and 650 nm, respectively. λ𝑙𝑜𝑤𝑒𝑟 was set at 430 nm to 
eliminate the potential interference of the laser peak, while upper was 650 nm which is the 
long wavelength tail of the ammonia saturated spectrum. The advantage of emission 
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integration is that the minuscule changes of the overall spectrum when exposed to ammonia 
will be accumulated and is a good indication for the change in overall intensity. The 











Figure 5.7 Change in integrated emission metric of the emission peak during 1000ppm, 
50 ppm, and 5 ppm ammonia exposures 
 
 From these graphs, several important observations can be made about the integrated 
emission changes of the sensing polymers. When 1000 ppm ammonia gas is introduced 
into the cuvette, a minor step response was observed, corresponding with the start of the 
gas flow. During the 30 minutes exposure interval, the metric readouts are consistently 
maintained at relative higher values, suggesting the total emission has a higher intensity 
while ammonia compounds are interacting with the polymer. After the ammonia flow was 
ceased, the reading went down to the baseline level. However, the integrated emission 
metric is unable to sustain its performance in detecting ammonia with a concentration 
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below 50 ppm. As seen in Figure 5.6, the signal did not shown noticeable changes in the 
experiments regarding 50 ppm and 5 ppm ammonia exposures. 
5.3.2. Spectral Region Subtraction 
Although the integrated emission metric has shown improved performance at 
detecting 1000 ppm ammonia compared to simple measurement methods, several 
complications hinder the detection of the emission changes at concentrations below            
50 ppm. The emission integration does not reveal any information with regards to the 
change of the spectral shape, which is another critical characteristic indicting the presence 
of ammonia. 
Looking at the spectral response to concentered ammonia vapor in Figure 5.1, the 
baseline emission peak centered at ~480 nm decreases while the converted peak centered 
at ~530 nm rises when exposed to ammonia. If the integrated emissions are computed 
separately for two spectral regions – one covers on the base peak region and the other 
covers the converted peak region, the change in spectral shape could then be detected. The 
splitting point then must lie somewhere between the base and converted emission peaks of 
480 nm and 530 nm. Therefore, the proposed metric to detect the small change in spectral 
shape is again computing the integrated emission, but for two spectral regions: (1) IEshort: 
from 430 nm to 516 nm and (2) IElong: from 516 nm to 650 nm, represented in Eq 5.3 and 
5.4, respectively. Then, the short wavelength region is subtracted from the long wavelength 
region using Eq. 5.5, creating the Spectral Region Subtraction metric (SRS). 
 
 













When exposed to highly concentrated ammonia, the short wavelength region 
reduces overall intensity while long wavelength region increases. Subtracting IEshort from 
IElong effectively adds the decrease in the short wavelength to the increase in the long 
wavelength region, which result in a signal starting from a lower value and gradually 
increases to higher values. To compute the SRS metric, a splitting wavelength is set to 
define the short wavelength (violet) and long wavelength (red) regions, as illustrated in 
Figure 5.7. The boundary wavelengths are chosen based on empirical observations to 
maximize the intensity difference before and after ammonia exposures. The SRS metric is 







Figure 5.8 (left) The short wavelength [violet] and long wavelength [red] regions using 
516 nm as the splitting wavelength, and (right) a sweep of splitting wavelengths 
indicates 516 nm is the optimal wavelength that maximize SRS signal 
 
Using the spectral region subtraction method, the processed data for parts per 
million level ammonia exposures are displayed in Figure 5.9. On the left-hand side, the 
separated emission sums are presented. The IEshort [orange] plot is computed from the short 
wavelength region from 430 nm to 516 nm while the IElong [blue] plot is computed from 
the long wavelength region from 516 nm to 650 nm. When the polymer is exposed to 
ammonia, violet region reduces overall intensity while red region increases. By subtracting 
the violet region area from red region, the resulting signal starting from negative value and 


















Figure 5.9 (left) Regional integrated emission of the spectral peak and (right) IElong – 
IEshort gives spectral region subtraction metric indicating the polymer is responsive to 5, 




Comparing to the integrated emission signal in Figure 5.6, the SRS signal has a 
much higher resolution and a noticeable step-up effect when ammonia was introduced at 
the 5 minutes mark. The time required to reach the steady state is approximately 1 minute 
for 50 ppm and 2 minutes for 5 ppm, respectively. At the 35 minutes mark, a step-down 
pattern is observed indicating the cession of the ammonia flow. Overall, the spectral region 
subtraction metric performs better in ppm range ammonia detection since the method pays 
attention to both the change in spectral intensity as well as the change in spectral shape.  
5.3.3. Spectral Region Division 
On top of Integrated Emission (IE) and Spectral Region Subtraction (SRS) 
methods, a third signal processing technique named Spectral Region Division (SRD) has 
been developed to serve as a more sensitive metric for monitoring the spectral change at 
sub-ppm concentrations. Unlike the SRS method where it compares the area difference 
between the two regions under the spectral peak, the SRD technique multiplies the 
integrated emission at the peak between 463 nm – 473 nm (purple) by the integrated 
emission at the long wavelength region between 617 nm – 627 nm (red), and then divide 
by the integrated emission between 510 nm – 520 nm (yellow), as illustrated in Figure 5.10. 
The idea behind this method is that the integrated emissions at the peak and the long 
wavelength regions grow relative faster than the integrated emission at the falling slope. 
By multiplying the integrated emissions at faster growing regions and then divide by the 
integrated emission which grows relative slower, the metric therefore becomes sensitive to 






















, Equation 5.6 
where IEpurple, IEred, and IEyellow are the integrated emissions of the three regions shown 
in Figure 5.10. 
 















For the SRD approach, the selection of locations and widths of the spectral regions 
are very important. They must be carefully determined such that the metric is sensitive to 
Purple region: 463 nm – 473 nm 
Yellow region: 510 nm – 520 nm 
Red region: 617 nm – 627 nm 
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low concentration ammonia exposures and has a positive correlation to the concentration 
range. To determine the most optimized widths and the locations of the three spectral 
regions, an optimization was performed using the “Patternsearch” algorithm in MATLAB. 
The optimization objective was to compute the boundaries of the three spectral regions that 
maximizes the slope of the SRD vs. ammonia concentration plot. The constraints are the 
wavelengths must be within the range in between 450 nm to 650 nm, and an overlapping 
between multiple regions is not allowed. To obtain a globally optimized result, 20 sets of 
randomly generated wavelengths were optimized in parallel and the best performing one 
was chosen. As a result, the optimized wavelengths forming the three regions are 463 nm 
to 473 nm, 510 nm to 520 nm, and 617 nm to 627 nm. It is noted that the widths of spectral 
regions are much narrower compared to the ones in the SRS method. The “Patternsearch” 
optimization helped to identify the most sensitive wavelengths and therefore do not require 
to integrate a much wider spectral width like the SRS method. 
Using the Spectral Region Division method, the processed data for ammonia 
exposures at 5 ppm, 50 ppm, and 1000 ppm are displayed in Figure 5.11. On the top row, 
the SRD metrics as functions of time are presented. The second, third, and fourth row show 
the integrated emission of the IEpurple (463 nm to 477 nm), IEyellow (510 nm to 520 nm), and 

























Figure 5.11 (Left) The integrated emission of the three spectral regions and (Right) the 







The SRD processing technique was developed to address one key deficiency which 
the SRS method may experience upon exposure to ammonia in the sub-ppm concentrations. 
When exposed to low concentration ammonia, the spectral peak shift characteristic may 
not be as obvious as it happens in cases to the concentrated ammonia. The SRS indicator 
could swing up and down and will not reveal its trend until a certain ammonia dosage has 
been reached. The SRD indicator looks at the spectral change in a different perspective and 
has been experimentally proven to work well for detecting changes at low ammonia 
dosages. Therefore, using the SRD indicator as a secondary metric could enhance the 
sensor sensitivity and reliability. The summary of using IE, SRS and SRD metrics are 
displayed in Table 5.2. 
 








1000 ppm 132.99 ± 0.03 44.97 ± 0.02 13.40 ± 0.10 
50 ppm 132.49 ± 0.01 44.41 ± 0.02 12.56 ± 0.07 
5 ppm 132.20 ± 0.01 43.92 ± 0.01 12.16 ± 0.08 
Lab air 132.39 ± 0.01 43.03 ± 0.03 11.98 ± 0.08 
Baseline 132.08 ± 0.01          43.32 ± 0.03          11.89 ± 0.08 
 
5.4. Evaluation of Polymer Reversibility 
While ppm level ammonia has been successfully detected by using SRS metric, 
another important feature that requires verification is the reversibility aspect of the sensing 
polymer. After stopping the ammonia flow and opening the chamber to air, the polymer 
emission is expected to slowly reverse to its baseline state. This reversible behavior has 
been tested in the scenario with concentrated ammonia but has yet to be verified in the ppm 
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range. To check the reversibility, the emission recording is extended for up to 6 hours after 











Figure 5.12 Reverse process for polymers exposed to ammonia concentrations of (a) 
vaporized, (b) 1000 ppm, (c) 50 ppm, and (d) 5 ppm, respectively 
 
From the plots it may be noted that the reverse reactions took place for all four 
testing concentrations, but the required time for this process increases as the concentration 
goes up. The polymers took approximately 3 minutes to convert back after 5 ppm ammonia 
exposure, but the longest reverse took more than 6 hours in the case of vaporized ammonia 
exposure. It was suggested that heating the polymer substantially would promote molecule 
kinetics which helps the ammonia compounds to detach from the Zn(II) ligand, and 
therefore speed up the process [47]. 
Another key feature is that the polymer sensitivity must be retained after multiple 
reverse cycles. The signal must be reproducible after a full saturation and reset took place. 
ΔT > 6 hours 
ΔT < 1 hours 
ΔT < 3 minutes 
ΔT < 6 minutes 
72 
In Figure 5.13, the polymer was exposed to alternating air and 5 ppm ammonia with 30 
minutes intervals at room temperature, making sure the polymers are fully converted and 
reversed. The resulting plot showed consistent response time and metric changes within 3 









Figure 5.13 Cycling air and 5 ppm ammonia to the sensing system at room temperature 
 
5.5. Chapter Summary 
In this chapter, employing the Vapochromic Coordination Polymer as an optical 
sensing material for ammonia detection has been investigated. By exposing vaporized 
ammonia to the polymer, a significant emission color shift from ~480nm to ~520 nm with 
a five-fold intensity increase was observed. However, no visual changes were seen on the 
spectrum plot when exposed to ammonia with concentrations less than 1000 ppm. Simple 
detection methods such as peak intensity or wavelength changes are found less sensitive to 
ammonia at low concentrations. 
Alternatively, several spectral processing techniques have been developed to 




computed by accumulating the intensity for all wavelengths under the emission peak. This 
way, the minuscule changes of the overall spectrum when exposed to ammonia will be 
summed up and is a good indication for the change in overall intensity. Spectral region 
subtraction is another spectral processing method specifically designed based on the 
polymer spectral characteristics. It tracks the accumulated intensity changes in two spectral 
regions, one from 430 nm to 500 nm, and the other from 500 nm to 650 nm. The developed 
metric adds short-wavelength losses to long-wavelength gains, resulting in a signal 
sensitive to the change in overall emission intensity as well as the change in the spectral 
shape, making it a dedicated measurement scheme for ammonia detection. Compared to 
traditional detection signals which are less sensitive to low concentration ammonia, the 
SRS metric is capable to detect minuscule changes in the spectral shape caused by 5 ppm 
ammonia. Also, a third processing method named Spectral Region Division was developed 
to serve as a redundant metric to monitor spectral changes in the hundreds parts per million 
concentration range. 
Finally, the reversibility characteristics of the polymer have also been investigated. 
The polymer has been left open in air for extended durations for spectral recording after 
ammonia exposure experiments. It was discovered that the time required for the polymer 
to fully reverse take at most 20 minutes for concentrations less than 1000 ppm, and more 
than 6 hours are needed for polymer exposed to vaporized ammonia. Understanding these 
behaviors will help calibrate the signal intensity against known concentrations. The next 




Chapter 6.  
 
Characterization, Modelling, and Validation of 
Ammonia Detection 
 In this chapter, ammonia exposure experiments at parts per million levels are 
conducted to evaluate the performance of the metrics developed in the previous chapter 
and extend those to new concepts. First, a gas mixing apparatus is utilized to dilute the 
1000 ppm cylinder using air to create stepping concentrations in the range from 0 ppm to 
1000 ppm. This way, spectral responses to a wider set of ammonia concentrations can be 
sampled seamlessly without constantly swapping the gas cylinders. By using the signal 
processing techniques developed in the previous chapter, the spectral changes at each 
concentration level can be metricized and plotted as a function of ammonia concentrations. 
This plot is known as the characteristic curve and can be used as the calibration reference 
for the system to detect and measure ammonia concentrations in an unknown environment.  
6.1. Overview 
Having successfully detected ammonia in the parts per million levels by using the 
Spectral Region Subtraction method, the final objective in implementing the detection 
system is to evaluate its performance metrics. First, the detection accuracy and precision 
must be realized. The accuracy is a percentage parameter describing how closely the 
measured value matches the actual value, and the precision is the parameter indicating the 
ability to repeat the same measurement many times with little variation. Resolution is 
another important metric which parameterizes the smallest change in the measured 
concentration that can be detected by the system. Finally, the detection range which defines 
the upper and lower concentration limits for measurement must be determined. 
Before evaluating the system performance, the spectral responses to concentration 
levels in the parts per million ranges must be collected. However, in the existing setup, 
only three concentration choices – 5 ppm, 50 ppm, and 1000 ppm are readily available for 
testing. To create a full dynamic range of ammonia concentrations, a gas mixing apparatus 
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is utilized to dilute the 1000 ppm cylinder with air to create stepping concentrations in the 
range from 0 ppm to 1000 ppm. This way, spectral responses to various ammonia 
concentrations can be sampled without the need of preparing additional cylinders. 
Once the spectral responses are sampled within the range from 0 ppm to 1000 ppm, 
the characteristic curve which describes the relationship between the ammonia 
concentrations and corresponding responses can be established. When detecting ammonia 
that has an unknown concentration, the system can estimate the concentration value by 
comparing the spectral signal with the characteristic curve and look up the concentration 
that gives the identical response. 
In addition to evaluating the system performance, a mathematical model is also 
established to simulate the post-exposure response of the emission spectrum. By fitting the 
empirical data with suitable mathematical formulas, the minuscule spectral shift at low 
concentrations can be parameterized. The perceptive model provides wealth information 
of the spectral characteristics and can be used in any subsequent calculations. 
6.2. Calibrating Gas Mixing Apparatus for PPM Level 
Ammonia Generation 
To create ammonia that has a controllable concentration within the range from 0 
ppm to 1000 ppm, a gas mixing apparatus Environics Series 4000 is utilized as shown in 
Figure 6.1. The instrument is equipped with 6 inlets and 1 outlet and is capable to dilute 
gas concentrations at a ratio of up to 1000:1. In the configuration for this thesis work, two 
input ports are hooked up to the 1000 ppm ammonia cylinder as the source gas and the 
compressed air faucet located inside the fume hood as the balancing gas. The output port 












Figure 6.1 Environics Series 4000 multi-component gas mixing system [55] 
 
In the control settings, the user may choose various run modes to operate the 
instrument and specify the desired gas concentration and flow rate. There are three main 
modes available - flow mode, concentration mode, and divider mode. The flow mode 
allows one input gas to flow at a time with a specified flow rate. The concentration mode 
is used to create a blend by entering target gas concentrations for the gas of interest, as well 
as the desired total output flow rate for the mix. The instrument will automatically compute 
the correct flow for each gas to achieve the target output concentration. The divider mode 
provides an automated, multiple-step dilution of gas by mixing two gases with the ability 
to vary the concentration of the mix over the specified run time.  
For acquiring spectral responses over a wide range of concentration levels, the 
divider mode is used because it supports enrolling a list of desired concentrations and run 
times. When the target concentrations and flow rates are chosen as shown in Figure 6.2, 
the instrument will automatically start blending two gases to generate target concentrations 











Figure 6.2 Gas mixer software interface for creating multiple ammonia concentrations in 
ppm levels 
 
Before acquiring spectral responses over the ppm range ammonia concentrations, 
one thing that needs to be verified is the actual concentration of the diluted ammonia has 
to match with the target concentration entered in the program. Although the instrument 
manufacturer has specified the accuracy is within 1.0% [6.1], a quick check is still 
mandatory. One simple way to verify the actual output concentration is to expose the VCP 
sensing material to two sources: first to a pre-calibrated ammonia cylinder which contains 
a fixed concentration; and secondly to a concentration generated by the mixer which is 
targeted to match the concentration of the cylinder. In the ideal case, the spectral responses 
should be the same whether the gas is coming from the cylinder or being diluted from the 
mixer. However, if the mixing instrument is miscalibrated, the spectral responses may be 
different and will require correction. 
For pre-calibrated ammonia cylinders, both the 5 ppm and the 50 ppm 
concentrations are readily available for testing. These cylinders are purchased from a 
professional chemical gas vendor where the concentrations are factory calibrated to be 
within 0.1%. The sample is exposed to both sources for 1 hour. Then, the gas mixer is used 
to mix 1000 ppm ammonia with air, generating concentrations targeted at 5 ppm and 50 
ppm. In between each run, the gas chamber is flushed with lab air to purge ammonia 
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residues. The spectral data are then processed using the SRS method, and the results are 








Figure 6.3 The spectral responses for diluted concentrations (red) vs. pre-calibrated 
concentrations (blue) 
 
Looking at the statistics, it turned out that the SRS metric readings are slightly 
higher during the mixed concentrations runs than those during the pre-calibrated 
concentration runs. For the 5 ppm setting, the average reading for the pre-calibrated 
concentration is 43.714, whereas the reading for the generated concentration is 44.33. For 
the 50 ppm setting, the average readings for the pre-calibrated and generated concentrations 
are 44.405 and 45.023, respectively. These consistent red data points on top of blue ones 
are suggesting that the gas mixer is producing ammonia concentrations that are slightly 
higher than the targeted values. However, it is decided that no corrections will be applied 
to the system for several reasons. First, the offsets at both concentration settings are less 
than 3% and can be considered as instrumental errors. Secondly, the dilution accuracy of 
the gas mixer is still unknown beyond the two tested concentrations. Correcting the 
instrument based on only two references may overcompensate the default setting. For 
future tests, it is recommended to use a high-resolution ammonia sensor for determining 
the accuracy of the gas mixing instrument. 
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 Figure 6.4 SRS signal as a function of ammonia concentration in logarithmic scale 
[0ppm – 1000ppm] 
6.3. Characterizing Spectral Responses to Ammonia using 
Spectral Region Subtraction Metric 
To acquire the spectral data, ammonia concentrations from 0 ppm to 1000 ppm in 
logarithmic steps are generated using the mixer and introduced to the detection system. 
Using the gas mixer to dilute the pre-calibrated 1000 ppm ammonia cylinder with lab air, 
concentrations in 10-ppm incremental steps ranging from 0 to 50 ppm were first generated. 
The run time specified for each concentration is 1 hour to ensure that the responses have 
reached a steady state. During each concentration run, 100 snapshots of the emission 
spectrum are taken periodically and then processed by the Spectral Region Subtraction 
(SRS) method using Equation 6.x (Section 5.3.2).  
 SRS(t) = IElong(t) − IEshort(t) Equation 6.1 
Then, 100-ppm step concentrations starting from 100 ppm to 500 ppm were introduced and 
the data were processed using the same method. Finally, boxplots have been used to display 
the spread of SRS signals as a function of ammonia concentration, as plotted in a linear 
logarithmic scale in Figure 6.4. On each box, the red line segments indicated the median 
SRS signal, and the bottom and top edges of the box indicate the 25th and 75th percentiles 
of the SRS signal, respectively. The whiskers extend to the 99th percentiles, and the outliers 








As seen in the plot, the SRS signal increases with the logarithmically increasing of 
ammonia concentrations. The variation of SRS signals at each concentration is 
approximately ±0.3% and is increasing slightly as the concentration rises. It is also noted 
that the sensitivity of the SRS metric is concentration-dependent and is more responsive at 
concentrations less than 50 ppm. Thereafter, the rate of increase of the signal slows down 
at concentrations above 100 ppm. For the 500 ppm and 1000 ppm settings, the signal 
spreads are highly overlapping, which suggests that the SRS metric is less effective at 
detecting concentration shifts above 500 ppm. 
Having evaluated the SRS responses at concentrations up to 1000 ppm, another 
important question is for what concentration range does the signal behaves linearly.    
Figure 6.5 presents the results of the SRS measurements with respect to ammonia 
concentrations in 10 ppm steps. For each concentration setting, the system is exposed for 
1 hour and 100 SRS measurements were taken. As seen in the plot, the signal is nearly 
linear with ammonia concentrations. The relationship was fitted using the following 
empirical equation 
 SRS = 43.87 + 0.02636 x Equation 6.2 
with a correlation coefficient of R2 = 0.944. The 95% confidence bounds of the offset and 
slope are (43.59, 44.09) and (0.01936, 0.03603). While the correlation coefficient suggests 
that this is a good fit, the upper and lower 95% confidence bounds are saying the linear fit 
may not be the perfect model for concentrations less than 50 ppm. Looking at the fit in 
Figure 6.5, the SRS metric values for 5 ppm, 10 ppm, and 20 ppm are almost identical 













Figure 6.5 SRS signal as a function of ammonia concentration [0 ppm to 50 ppm] 
 
In the hundreds’ ppm range, the SRS signals have responded differently as shown 
in Figure 6.6. In between 100 ppm to 400 ppm settings, a negative slope is observed as the 
signal is gradually decreasing over the testing concentrations. It is unlikely the decrease in 
signal is due to measurement uncertainties because the box boundaries which represent the 
data spread are also dropping with the mean signals. At 500 ppm setting, the signal’s 
decreasing trend breaks and the curve starts to rise again to 45.66, which is consistent with 
the reading seen in Figure 6.4. This presents a significant problem for using the SRS as a 
general measurement metric. The negative slope in the 100-500 ppm region means there 
are two concentrations with the same SRS values – one in the 0-100ppm range and another 
in the 100-400 ppm range.  Hence you cannot read the SRS and then identify the ppm 













Figure 6.6 SRS signal as a function of ammonia concentration [0 ppm to 500 ppm] 
 
The signal’s negative slope with 100 ppm concentration steps can be due to several 
reasons. First, the processing method behind the SRS signal may serve as a fundamental 
factor. When exposed to ammonia in the hundreds ppm levels, the rate of change of the 
short-wavelength region may have slowed down compared to the faster growth of the long-
wavelength region. This is to be expected as the converted material tends to have higher 
emissions in the long (530 nm or longer) region. As a result, the direction of the SRS signal 
will be reversed and heads downwards as the concentration increases. This could be a 
serious problem for measuring ammonia in a wide concentration range, since one signal 
may be corresponding to multiple concentrations and thus creating confusion to the 
operator. 
Beyond the detection method itself, one critical concern during experimentation is 
the actual concentration of the diluted ammonia. As mentioned earlier, the accuracy of the 
gas mixer is still unknown beyond 50 ppm. The instrument may be off target when diluting 
ammonia in the hundreds’ ppm concentration settings. In future work to verify the diluted 
concentration, one can use a factory-calibrated ammonia sensor and compare the measured 
output concentration to the target value. 
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Figure 6.7 SRD metric as a function of ammonia concentration [0ppm – 1000ppm] 
6.4. Characterizing Spectral Responses to Ammonia Using 
Spectral Region Division Metric 
The Spectral Region Division indicator is another sensitive metric used for 




, Equation 6.3 
As seen in Figure 6.7, the SRD signal increases with the logarithmically increasing 
of ammonia concentrations. The variation of SRS signals at each concentration is 
approximately ±1%. It is also noted that the sensitivity of the SRD metric is concentration-
dependent and is more responsive at concentrations less than 50 ppm. Thereafter, the rate 
of increase of the signal slows down at concentrations above 50 ppm. For the 50 ppm and 
100 ppm settings, the signal spreads are highly overlapping, which suggests that the SRD 





















Having evaluated the SRD responses at concentrations up to 1000 ppm, another 
important question is whether the SRS metric is linear in the concentration range less than 
50 ppm. Figure 6.8 presents the results of the SRD measurements with respect to ammonia 
concentrations in 10 ppm steps. A linear fit was attempted using the following empirical 
equation 
 SRD = 11.91 + 0.01689 x Equation 6.4 
with a correlation coefficient of 0.92. The 95% confidence bounds for the offset and the 
slope are (11.69, 12.12) and (0.00988, 0.02395). The upper and lower bounds of the slope 
are widely apart from the fitted result which suggests that the SRD metric may not be linear 














 Furthermore, to explore the SRD metric performance in hundreds ppm ranges, 
another experiment exposing 0 ppm to 500 ppm ammonia in 100 ppm steps is carried out 
and shown in Figure 6.9. This time, unlike the decreasing trend seen in the SRS metric, the 
SRD indicator shows a positive correlation with the increase of ammonia concentration. 
However, the signal spreads are still highly overlapping, which suggests that there would 
be low accuracy for the for hundreds ppm concentrations. 
Having constructed the characteristic curve of the system, ammonia concentration 
falls in the linear response region can be easily measured by exploiting the empirical 
relationship. From the experimental observations, it is shown that the signal is linear with 
ammonia concentration in the range from 0 ppm to 50 ppm. Therefore, a linear model is 
constructed for predicting the concentration in the corresponding region. However, at 
above 100 ppm, the signal becomes less sensitive, suggesting non-linear models may be 
needed for predicting higher ammonia concentrations. 
6.5. Characterizing Spectral Responses to Ammonia Using 
Sum of Integrated Emissions Metric 
The SRS metric reversal seen in the hundreds’ ppm range has suggested that this 
metric do not work well for wide-range concentration detection. Therefore, dividing the 
emission peak into only two bins and compare their integrated emission difference may not 
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Figure 6.10 (a) Slicing the emission peak into four 50 nm width bins and (b) the 
integrated emissions of the bins vs. ammonia concentration 
be the best approach. Before a new metric can be carried out, it would be the best to 
investigate how does the integrated emission change for wavelength bins in different 
concentration exposures.  
For instance, the emission peak can be divided into four 50 nm wide bins as shown 
in Figure 6.10(a). Then, the integrated emissions of these bins are computed using Eq. 6.5 
and 6.6 where i denotes the bin index and x denotes the concentration. These integrated 
emissions are plotted versus ammonia concentrations in the semi-log scale as shown in 
Figure 6.10(b). 
 
𝐼𝐸𝑏𝑖𝑛(𝑖) = ∫ 𝐼(𝜆)
𝑏𝑖𝑛 (𝑖) 𝑢𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑

















Looking at Figure 6.10(b), the integrated emissions for all spectral bins are rising 
rapidly between 0 ppm to 100 ppm. The average change for each increasing 10-ppm step 
is 64.2%. However, in the range between 100 ppm to 300 ppm, these integrated emissions 
slopes flatten out to the increasing ammonia concentrations. The average change for every 
(a) (b) 
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Figure 6.11 The integrated emissions of the bins vs. ammonia concentration for (upper) 
20 nm bins and (lower) 10 nm bins 
100-ppm step is only 1.3%. After 300 ppm, the integrated emissions slopes raised again 
and see an average change of 6.5% for the 100-ppm steps up to 500 ppm.  
Another question is what will happen to the integrated emissions when the bin’s 
width has changed. Figure 6.11 shows the integrated emissions for bins with width of         
20 nm and 10 nm, respectively. It is noted that the metric pattern was unchanged when the 
bin widths are reduced to 10 nm and 20 nm. The integrated emissions are more sensitive 
to concentrations less than 50 ppm and above 300 ppm, but not in the range between 100 
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Figure 6.12 Sum of Integrated Emissions (SIE) metrics vs. ammonia concentrations for 
50 nm, 20 nm, and 10 nm bins 
Dividing the emission peak into multiple bins and take their integrated emissions 
gave us some insights for developing a metric that is sensitive to concentrations in the 
hundreds’ ppm range. It is noted that the integrated emission values for all wavelength bins 
are increasing as the concentration increases. Subtracting one bin’s integrated emission 
from another does not improve but rather reduce a metric’s sensitivity. Therefore, adding 
up the relative changes of these bins using Eq. 6.7 and use the Sum of the Integrated 
Emissions (SIE) as the metric will be useful for improving the sensitivity in all 
concentration ranges. 
 





As shown in Figure 6.12, the SIE metrics using various bin sizes give excellent 
sensitivity between 0 – 50 ppm and > 300 ppm. The metric using 10 nm bins gives the 
highest sensitivity for concentrations less than 50 ppm. In comparison, the metric using 50 
nm bins has the lowest slope in the lower concentrations. The result suggests that the metric 
sensitivity can be further improved by reducing the bin width. However, the metric must 
make the balance between sensitivity and robustness. Choosing a bin width that is equal or 
less than 10 nm will be less robust for handling noisy spectral inputs. Therefore, using 20 









In the hundreds’ ppm range, a slightly metric increase was recorded though it is not 
obvious shown in Figure 6.12. From 100 ppm to 200 ppm, the metric value increased from 
0.841 to 0.854 or 1.5%. From 200 ppm to 300 ppm, the metric change is 1.3%. For metrics 
using 10 nm and 50 nm bin widths, the changes in hundreds’ ppm is shown in Table 6.1.  
 
Table 6.1 Sum of Integrated Emissions metrics in the hundreds’ ppm range 
Bin width 0 ppm 100 ppm 200 ppm 300 ppm 400 ppm 500 ppm 
10 nm bins 0 1.842 1.868 1.891 1.982 2.114 
20 nm bins 0 0.841 0.854 0.865 0.911 0.976 
50 nm bins 0 0.301 0.305 0.310 0.326 0.350 
 
In summary, the SIE metric is sensitive for detecting ammonia less than 100 ppm 
and above 300 ppm. For concentrations between 100 ppm – 300 ppm, a subtle metric 
change of 2.3% was observed. This has too low a sensitivity for accuracy in this range.  
Unlike the other methods the SIE gives us unique values throughout the range even 
if it is wide potential error in the 100-300 ppm range.  To improve the sensitivity in this 
concentration region, we can use one of the other metrics which does show greater changes 
in that range. For instance, one may use the SIE metric to identify the concentration falls 
in the 100 ppm – 300 ppm region, and then use the declining characteristics of the SRS 
metric to target the exact ammonia concentration. The metrics combination method may 
be investigated as a part of the future work. 
6.6. Evaluation of the Measuring Metrics 
To validate the prediction accuracy of the SRS metric between 0 ppm to 50 ppm 
range, 5 concentrations that were not used in the model construction [5ppm 15 ppm 25 
ppm 35 ppm 45 ppm] have been exposed to the system in a scrambled order. The specified 
run time and amount of data captured for each setting are 15 minutes and 30 spectral 
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acquisitions. After processing the data using the SRS method, a five-point trailing moving 
average filter is applied to the data set to compute the 3 minutes average signal. By 
substituting these signal values into the linear regression model and solving for x, the 
concentration predictions are obtained and plotted in red. In addition, a 95% confidence 








Figure 6.13 Predicted concentrations in the validation experiment 
 
Looking at the time series plot, it is seen that the predicted concentrations are 
mostly in line with the actual concentrations exposed to the system. The prediction 
accuracy is at highest during the 45 ppm run with a mean absolute percentage error of 7.2%. 
On the opposite end, the worst measuring accuracy is at 5 ppm setting where the mean 
absolute percentage error is 50.0%. The deviations in prediction accuracy could be 
influenced by the lag of the system’s reaction time. On average, the signal took 5 minutes 
to respond when switching between concentrations. While the acquisition interval is 15 
minutes, about one-third of the recorded signals were still in the transitioning stage and 
thus unable to provide accurate concentration predictions. The exposure duration for each 
concentration setting must be extended to obtain more accurate readings. 
For the 95% confidence interval, the average width between the upper and lower 
bound is 10.9 ppm, indicating the detection precision for 15 minutes sampling intervals is 
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about 6 ppm. In addition, it is found that 66.2% time of the experiment duration the actual 
concentration values are contained within the bound of the 95% confidence interval. Apart 
from the mismatches during the concentration transitioning stage, another region where the 
actual concentration is out of bound is at 35 ppm setting. The mean signal and its 
confidence interval at 35 ppm setting are highly overlapping with those at 25 ppm. To 
further distinguish the signal characteristics between these concentrations, a calibration 
using 5 ppm step is recommended for future work. 
Figure 6.14 presents the correlation between predicted concentrations versus actual 
concentrations based on the results obtained in the validation experiment. These boxes 
scattered symmetrically about the diagonal line are suggesting the constructed prediction 
model is fairly accurate and can be generalized for all concentrations less than 50 ppm. 
Fitting this relationship with a linear function results in y = 1.603 + 0.849 x with a 
correlation coefficient R2 = 0.824. The 95% confidence bounds for the offset and the slope 
are (-12.77, 16.56) and (0.352, 1.373). Compared to the ideal diagonal relationship y = x, 
the wide separation of the 95% confidence bounds indicate the linear model is biased and 








Figure 6.14 Predicted concentration vs. actual concentration [0 ppm to 50 ppm] 
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Using the SRS metric as the indicator turned out to be an sensitive method for 
detecting concentrations less than 100 ppm. However, as discussed in Section 6.3, the SRS 
metric had a reversal between 100 ppm and 400 ppm which dropped 13.6% over these 
concentration range (labeled in red) as shown in Figure 6.15. This negative slope creates a 
problem since one metric value could represent two very different concentrations. 










The SRS metric reversal seen in the hundreds’ ppm range has appeared to be a 
unique characteristic that is not seen in other metrics. If the approximate concentration of 
a sample can be confirmed with the SIE that it is within the hundreds’ ppm range, then we 
could simply utilize the SRS metric’s reversal characteristic to make a more precise 
measurement. One possible approach is by combining the usages of the SIE metric along 
with the SRS metric. First, the SIE metric has a superb detection sensitivity for 
concentrations < 50 ppm but is not doing well between 100 ppm and 300 ppm. We may 
use the SIE metric to determine the approximate concentration of a testing sample. For 
concentrations that are below 100 ppm, then the metric could simply give precise 
measurement since it is highly sensitive in this range. 
Figure 6.15 SRS metric reversal between 100 ppm – 400 ppm 
93 
Otherwise, if the SIE metric has overpassed its sensitive range and barely changes 
its reading, then it is indicating that the concentration hits above 100 ppm. In this case, one 
can utilize the reversal characteristic of the SRS metric for a precise measurement. For 
example, after the SIE metric reaches a saturation, we then switch over to record the SRS 
metric and monitor its drop over time. As shown in Figure 6.15, a 13.6% drop in the SRS 
metric indicates the concentration is roughly 400 ppm. This approach may work for 
concentrations between 100 ppm and 400 ppm. After 400 ppm, the SRS metric will start 
rising again and we can switch back to use the SIE metric.  
While we have developed this for the specific case of the of the VCP ammonia 
sensor what this work shows is a general way of approaching these fluorescent type sensors.  
It is common for the converted material to be at a shorter wavelength. Hence as the 
exposure concentration increases the unexposed, material emission decreases and the 
exposed increases.  But at the low ppm range the converted emission only changes the 
shape of the spectral curve. By measuring the full spectrum this opens the possibility of 
post measurement using the metric that is most sensitive to each exposure region to gain 
the most accuracy. 
6.7. Chapter Summary 
In this chapter, ammonia exposure experiments at parts per million levels have been 
conducted to evaluate the metrics’ performance in the ppm concentrations. By mixing 1000 
ppm ammonia with air using a gas diluting apparatus, step ammonia concentrations in the 
range from 0 ppm to 1000 ppm were created. These concentrations were then exposed to 
the system in 10 ppm and 100 ppm steps to record the corresponding spectral responses 
and were used to construct the characteristic curves of the detecting metrics. 
For the SRS metric, it was found that the metric has a linear slope in the range from 
0 ppm to 50 ppm. A linear regression model was constructed, and a 73% detection accuracy 
was carried out for its validation experiment. The metric’s linear response versus ammonia 
concentrations less than 50 ppm has well met the initial objective of this thesis. However, 
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in between 100 ppm and 400 ppm, a metric reversal was observed. The metric’s reading 
decreased by 13.6% which creates a problem for detecting wide-range concentrations.  
To tackle the problem of detecting within hundreds’ ppm range, two alternative 
metrics, the SRD metric and the SIE metric were developed. The SRD metric has a 
moderately sensitive response for concentrations less than 100 ppm. In the hundreds’ ppm 
range, the SRD metric showed a low sensitivity which only showed 0.6% change in 
between 100 ppm and 500 ppm. The SIE metric on the other hand, has a highly sensitive 
response of 84% change for concentrations less than 100 ppm but also has a low sensitivity 
in the hundreds’ ppm range. 
For all metrics developed in this thesis, it turned out that none has a superior 
performance for monitoring wide-range concentration changes. However, there could be 
ways to work around the challenge by utilizing both the SIE and the SRS metrics. One can 
use the SIE metric as the default indicator for concentrations less than 100 ppm. If the 
concentration rises above 100 ppm and saturates the SIE metric, then switch to the SRS 
metric and use its reversal characteristic as the indicator. This way, concentrations between 
100 ppm and 400 ppm can be identified. After 400 ppm, the SIE metric will regain its 




Conclusion and Future Work 
7.1. Conclusion 
The work presented in this thesis contributes to the on-going research project aimed 
to develop a real-time, in-line ammonia detection system for electrical transformer 
diagnostics. Large power transformers are critical infrastructure in the energy and power 
networks that cost millions of dollars. When a transformer fails, it leads to significant 
service interruptions and the replacement could take up to months due to long-lead time in 
construction as well as transportation limitations. Therefore, the prevention of failure and 
long-term maintenance of these transformers, which are expected to operate for more than 
20 years, are of great concern to industry and government.  
To prevent unexpected transformer failures, the ability to scout out abnormal 
behavior by monitoring multivariate indicators is required for any transformer diagnostic 
systems. Common fault gases such as hydrogen, carbon dioxide, and methane have been 
heavily studied, and their detection capabilities are included in most modern diagnostic 
systems. Ammonia is another key chemical indicator that is correlated to transformer health 
but has not been often discussed. It is a byproduct generated during the breakdown of 
insulation paper which is intrinsically tied to the life of the transformer. Currently, there 
are no commercial transformer diagnostic systems that can detect ammonia gas as an 
indication of transformer health. Adding ammonia detection ability on top of the traditional 
indicators can greatly enhance the diagnosis accuracy and is highly desired for current 
diagnostic systems. 
In this multidisciplinary project between SFU Department of Chemistry and School 
of Engineering Science, a novel ammonia detection system for diagnosing transformers is 
being developed. Dr. Daniel Leznoff’s group in chemistry has synthesized a Vapochromic 
Coordination Polymer (VCP) Zinc dicyanoaurate (Zn[Au(CN)2]2) intended to act as an 
ammonia sensing material. Under deep violet light excitation, the polymer responds with 
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a spectral peak shift from ~480 nm to ~500 nm, an increase in fluorescent intensity, and a 
change in spectral shape when exposed to ammonia. These polymers are stable below 
temperatures of 200 °C – 350°C and has a theoretical detection limit down to 1 ppb. 
The work completed in this thesis attempts to incorporate all these factors in the 
design of an ammonia detection system utilizing Vapochromic Coordination Polymers. 
First, the construction of the testing platform is the initial step into integrating the polymers 
for sensing applications. To best exploit the spectral features of the polymers an optical 
detection system was built. The major components include a 405 nm deep violet laser diode 
as the excitation source, a commercial portable spectrometer as the optical detector, and a 
quartz cuvette that encloses an immobilized polymer sample as the gas chamber.  
Next, to evaluate the baseline characteristics of the system a series of control 
experiments have been conducted. The optical stability of the system was first investigated 
by running the laser and recording the emission spectrum for an extended duration of 3 
hours. While the laser diode is found to be stable after a one-hour warming up, the emission 
intensity of the polymer has dropped extensively due to the quenching effect. To stabilize 
the emission intensity the laser power density was reduced by 20x. As a result, the 
shortcoming of emission intensity decay has been significantly improved and is less than 
1% throughout the three hour continuous simulation.  
Another challenge encountered during the baseline experimentations is the 
unfavorable emission response to certain control gases. When running inert gases including 
nitrogen, argon, and carbon dioxide through the system, the sensing polymer had 
experienced great increasing amounts in emission intensity. On the other hand, the 
emission signal remained unchanged when air is used as the testing gas. The proposed 
hypothesis to this phenomenon is that the variation in emission intensity is attributed to the 
quenching characteristics of ambient oxygen in the system. However, further investigations 
are needed to provide supporting evidence. For this thesis work, air will be used as the 
baseline gas for ammonia sensing experiments. 
Having tuned the system to optimal conditions ammonia exposure experiments are 
then conducted. By exposing vaporized ammonia to the polymer, a significant emission 
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color shift from ~480nm to ~520 nm with a five-fold intensity increase was observed. 
However, no visual changes were seen on the spectrum plot when exposed to ammonia 
with concentrations less than 1000 ppm. Simple detection methods such as peak intensity 
or wavelength changes are found less sensitive to ammonia at low concentrations.  
To enhance the detection sensitivity at below 1000 ppm, several spectral processing 
techniques have been developed. Spectral Region Subtraction is a spectral processing 
method specifically designed based on the polymer spectral characteristics. It tracks the 
accumulated intensity changes in two spectral regions, one from 430 nm to 500 nm, and 
the other from 500 nm to 650 nm. The developed metric adds short-wavelength losses to 
long-wavelength gains, resulting in a signal sensitive to the change in overall emission 
intensity as well as the change in the spectral shape, making it a dedicated measurement 
scheme for low concentration ammonia detection. Compared to traditional detection 
signals which are less sensitive to low concentration ammonia, the SRS metric is capable 
to detect minuscule changes in the spectral shape upon contact to 5 ppm ammonia exposure. 
On top of the Spectral Region Subtraction method, another signal processing 
technique named Sum of Integrated Emissions (SIE) has been developed. Rather than 
subtracting the integrated emissions of wavelength bins from one other, the SIE metric 
divides the emission peak into multiple wavelength bins and sums up their integrated 
emissions changes relative to the 0-ppm case. The SIE processing technique was sensitive 
to concentrations for less than 50 ppm and above 300 ppm, but only sees subtle changes in 
the range between 100 ppm to 300 ppm.  
Finally, to evaluate the system performance ammonia exposure experiments at 
parts per million levels were performed. By mixing 1000 ppm ammonia with air using a 
gas diluting apparatus, ammonia concentrations in the range from 0 ppm to 1000 ppm were 
created. These step concentrations were then exposed to the system to evaluate the 
corresponding spectral responses and were used to construct the characteristic curve of the 
SRS and SIE metrics. For the SRS metric, a linear response was observed for 
concentrations less than 100 ppm and has well met the initial objective of this thesis. 
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However, in the range between 100 ppm and 400 ppm, the SRS metric undergoes a reversal 
which is problematic for wide-range concentration detection. 
On the other hand, the SIE metric has a highly sensitive response for concentrations 
less than 100 ppm. However, the metric showed subtle changes in the hundreds’ ppm range 
which also make it a challenging task for wide-range concentration detection. To address 
this issue, one could combine the usages of both the SRS and the SIE metrics. First, one 
can set the SIE metric as the default indicator for concentrations less than 100 ppm. If the 
concentration rises above 100 ppm and saturates the SIE metric, then switch to the SRS 
metric and use its reversal characteristic as the indicator for concentrations between 100 
ppm and 400 ppm. After 400 ppm, the SIE metric will regain its sensitivity and can be used 
again for detection.   
The work completed in this thesis in designing and developing an ammonia 
detection system incorporating Vapochromic Coordination Polymers forms the 
groundwork for future research into a stable, compact, and low-cost electrical transformer 
diagnostic system. Ultimately, electrical utility providers will be able to reduce labor costs 
and personnel demands and obtain a comprehensive overview of the transformer health 
status with the successful development of a real-time, in-line monitoring system for 
transformer diagnostics.  
7.2. Future Work 
The work completed in this thesis plays an important role in the overall project 
development of a real-time, in-line ammonia detection system for transformer diagnostics. 
The construction of the detection platform and the test results become the reference work 
for future improvements in system calibration, integration, and ultimately, fielding testing 
and commercialization. 
In terms of continuing the work completed for this thesis, multiple avenues of 
investigation exist to further improve detector performance and long-term integration into 
a commercial system. For the existing setup, the first thing is to improve the detector’s 
sensitivity at hundreds’ ppm range. The metrics developed in this thesis are sensitive for 
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concentrations less than 50 ppm and greater than 300 ppm, but barely sees any change in 
the range between 100 ppm to 300 ppm. This issue could be solved by using a combination 
of metrics – first determine the approximate concentration range and then choose the metric 
that is most sensitive at that concentration.  
Alternatively, a modelling of the post-exposure spectral responses could also be 
investigated as it provides a simulation of the spectral shape change as a function of 
ammonia concentration. The model could provide detailed explanations and suggest 
wavelengths that are most sensitive to concentration changes at various level. This way, 
the sensitivity of the developed metrics may be further optimized. The model could also be 
generalized for sensing materials with different spectral characteristics which allows rapid 
metric development. 
For the sensing material, it would also be interesting to see whether it is possible to 
achieve fully separated peak shift upon expose to the gas. In the past, researchers are 
focused to develop a material that has zero emission in the baseline condition and highly 
emissive when exposed to the sensing gas. However, it is proven in this thesis that the 
sensitivity is not solely depending on the change of emission intensity, but also the contrast 
of the integrated emissions changes at different spectral regions. If there exist a material 
that has a narrow peak at baseline condition and shifts to a separated peak when exposed 
to the gas, it could potentially improve the sensitivity issues at hundreds’ ppm range and 
achieve highly sensitive wide-range concentration detection. 
Another important aspect that has not been investigated is the system performance 
under different temperature settings. In operating transformers, the temperature could 
easily reach above 50°C, which is far beyond the room temperature in the laboratory 
settings. Therefore, the ammonia detection capability under high-temperature settings must 
be realized before the system can be tested in actual transformer setups.  
Detecting and quantifying ammonia in transformer insulation oil is another goal in 
the project, which will require additional equipment setup and investigations in sample 
preparation techniques to interface with the insulation oil. To continue with the efforts in 
detecting ammonia in oil, modifications on the existing setup will be required to obtain oil 
100 
samples and extract their spectral features. The spectral responses for oil samples will have 
to be re-calibrated against known ammonia concentrations to obtain the characteristics 
curve. If successful, the set-up will have to be reworked into a packaging suitable for future 
tests in the electrical transformer environments. 
Finally, the detection system must be compatible with a larger monitoring system 
that meets transformer diagnostics needs and industry practices. Methods of data 
transmission that adhere to industry standards must be investigated. It is recommended to 
develop a customized microcontroller as the data analysis and storage medium of the 
system since a microcontroller is much more compact and has a lower cost compared to 
computers. Data communication between the detection system and other devices can be 
implemented wirelessly, or through other interfaces like serial or USB ports.  
When the detection system is ready to transfer to a larger system, the design should 
be tested with an actual transformer model. The real-world testing of the detection system 
outside an experimentally controlled environment will evaluate whether the system can 
perform its intended function in the field. The detection accuracy and other performance 
parameters may differ in an unfamiliar environment, requiring further calibrations in 
preparation for system bring-up. 
In addition, once the overall system has been installed for routine data collection 
and transmission, factors like the optimal frequency of data collection, duration of 
detection integration, and practical length of the system on time all needed to be determined. 
The number of query operations sent from the controlling center will depend on the field 
testing results to determine the suitable settings for the best diagnosis of transformer 
operating conditions. For the commercial system, the system should support the data 
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